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Abstract
Sleep monitoring is of major importance for various medical areas such as the
detection and treatment of sleep disorders, assessment of diﬀerent medical con-
ditions or medications’ eﬀects over sleep quality, and mortality risk assessment
associated with sleep patterns in adults and children.
It is a challenging area of medical problems due to both privacy issues and techni-
cal considerations. It calls for monitoring methods in which the patient’s natural
state is less interfered. An ideal device would be non-invasive, minimally restric-
tive, robust enough to compensate movements of the patients, and would operate
without relying on patient’s cooperation.
Non-contact methods for monitoring vital signs and physiological activities have
been given lots of attention recently. In addition to the sleep monitoring, various
other medical applications demand for less-obtrusive continuous respiratory and
cardiac activity monitoring methods.
Applications such as home health care, neonates and burned victims monitoring
and applications in which using the traditional skin electrodes may worsen or
disturb the conditions of the patient, call for new contact-less approaches for
monitoring purposes.
This thesis focuses on the design and development of an unobtrusive, vital sign
monitoring system particularly suited for long-term monitoring. The system is
a low-cost, non-contact planar system designed to be placed under the bed or
mattress for applications such as sleep monitoring, neonates monitoring, etc.
The system is based on the magnetic induction sensing method, designed to in-
fer presence on the bed, breathing and cardiac activity and consists of two coils
xfor excitation and detection. The receiver is an Asymmetric Planar Gradiometer
(APG) which has been optimized to minimize the impact of the primary magnetic
ﬁeld. This term (APG) has been interchangeably used with Concentric Planar
Gradiometer (CPG) in the text as both reﬂect our new speciﬁc design for the
receiver system. The new gradiometer designed using COMSOL to calculate and
determine the optimum diameters of the coils to fully cancel the primary ﬁeld
and later implemented on PCB.
The simulations and the experiments showed that the APG has its maximum
sensitivity in front of the sensors and moving from the center of the coils causes
a decrease in the sensitivity. The designed gradiometer, has no zero sensitivity
plane but requires ﬁlters to avoid far ﬁeld interference.
The signal acquisition system has been designed using simple electronics to avoid
ending up with a complex expensive system. It consist of a two stage low-noise
ampliﬁer (AD8432). The ampliﬁed signal is then ﬁltered and introduced to a
gain and phase detector (AD8302).
In addition to the developed system, other sensors (BIOPAC MP36’s photo-
plethysmogram, respiratory pressure transducer) have been used as a reference
and for comparison reasons.
The practical maximum cancellation ratio obtained in the experiments (through
adjusting the coils’ position) was measured as 150 times.
Electrical Safety studies indicate that the developed system is safe to be used for
continuous monitoring of breathing and cardiac activity for patients, in terms of
being exposed to the magnetic ﬁelds.
Experiments were conducted using saline solutions and with volunteers on the
bed for system characterizations and vital sign detection. The results show that
the system placed at 5 cm of the patient’s chest, can detect the presence of the
patient on the bed, breathing and also cardiac activity. The signal levels decrease
with the increment of the distance from the chest.
According to the results, the phase signal received from the magnetic sensor is
more sensitive and less noisy than the magnetic modulus signal and both are
more sensitive to the vital signs than the pressure sensor. Moreover, comparing
the signals of supine and prone position indicates that the signal from prone po-
sition contains more information in regards to cardiac activity due to its position
advantage. In prone position, the sensors are closer to the heart, to the blood
xi
volume changes in heart’s major vessels (Aorta) and to the lung perfusion while
in the supine position, the distance is bigger and other structures like vertebral
column are located in between.
Breathing causes a movement in patient’s back which modiﬁes its distance from
sensors. That is why the measured breathing signal could be a combined signal
from magnetic coupling and electric ﬁeld coupling.
Regarding the cardiac signal, the experiments’ results show that in some cases/positions
the cardiac signal is better detected in either of magnetic phase or modulus sig-
nals. The source for the received cardiac signal could be a combination of the
changes in the thorax or/and abdomen- which may cause changes in the electric
ﬁeld coupling or surface eddy currents- and in the internal eddy currents pro-
duced by conductivity changes originated from lung perfusion, muscle perfusion
or blood volume changes in the heart and major vessels.
The designed system has spatial coverage of 8-10 cm for displacement along ±X
assuming that the surface of the bed is on XY plane, Y along the body and X
the transverse plane.
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Chapter1
Introduction
1.1 The need for unobtrusive sleep monitoring
Sleep consumes 1/3 of our lives. It is essential for a person’s health and well-
being. Yet millions of people do not get enough sleep and many suﬀer from lack
of sleep. For instance, surveys conducted by the NSF1 (1999-2004) reveal that
at least 40 million Americans suﬀer from over 70 diﬀerent sleep disorders and
60% of adults report having sleep problems a few nights a week or more. Most
of those go undiagnosed and untreated.
In addition, more than 40% of adults experience daytime sleepiness severe enough
to interfere with their daily activities at least a few days each month -with 20%
reporting problem sleepiness a few days a week or more [1].
Furthermore, 69% of children experience one or more sleep problems a few nights
or more during a week. According to the researches done by National heart lung
and blood institute2 the cumulative eﬀects of sleep loss and sleep disorders rep-
resent an under-recognized public health problem and have been associated with
a wide range of health consequences including an increased risk of hypertension,
diabetes, obesity, depression, heart attack, and stroke.
1National Sleep Foundation
2http://www.nhlbi.nih.gov/index.htm
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Almost 20% of all serious car crash injuries in the general population are associ-
ated with driver sleepiness [1]. Hundreds of billions of dollars a year are spent
on direct medical costs related to sleep disorders such as doctor visits, hospital
services, prescriptions, and over-the-counter medications. The eﬀects of sleep loss
on work performance may cost 18 billion in lost productivity only in USA [2].
Frequent sleep problems which are reported by 65 percent of Americans including
diﬃculty falling asleep, waking during the night, and waking feeling unrefreshed
at least a few times each week, with nearly half (44%) of those saying they expe-
rience that sleep problem almost every night [3] .
Sleep-disordered breathing, including obstructive sleep apnea, aﬀects more than
15 percent of the population, and causes daytime sleepiness and associated in-
juries (e.g., falling asleep while driving), hypertension, cognitive impairment, and
is associated with metabolic syndrome, and an increased risk of heart attack,
stroke and mortality [1]. In children, sleep-disordered breathing is associated
with cardiovascular and metabolic risk factors, attention-related behavioral prob-
lems, and poor academic performance. Restless legs syndrome aﬀects over one
out of twenty adults, and causes diﬃculty sleeping and subsequent daytime sleepi-
ness.
Chronic insomnia aﬀects nearly one out of ﬁve adults, and is a risk factor for
depression, substance abuse, and impaired waking function; co-morbid physical
(e.g., cardiopulmonary, chronic pain) and mental (e.g., depression) illnesses may
be exacerbated by insomnia.
On the other hand, Major depression aﬀecting between 5 and 10 percent of the
population of the European Union during their lifetime [4]. People with depres-
sion commonly experience disturbed sleep patterns and the way depression aﬀects
sleep varies widely. In addition to clinically deﬁned disorders, chronic sleep de-
ﬁciency and circadian disruption is an emerging characteristic of modern urban
lifestyles and is associated with increase disease risk through multiple complex
pathways in all age groups.
Developing a mechanistic understanding of the threat posed by sleep deﬁciency
and circadian disturbance to health, healthy equity, and health disparities is a
challenge for biomedical research in many domains. Therefore, the contribution
of sleep monitoring, for diagnosing sleep problems to live free of preventable dis-
ease, disability, injury, and premature death has been given lots of attentions.
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Since a great portion of the population with sleep problems needs continuous
monitoring, the techniques for monitoring have to be as unobtrusive as possible.
This is to make patients feel relax while testing, lessen the necessity to have
complicated clinical environments and minimize the costs. Due to the mentioned
reasons, growing interest has emerged for unobtrusive techniques enabling moni-
toring people during sleep.
The fundamental focus of this thesis is the development of an appropriate tech-
nology for the long-term monitoring of sleep and in particular of the vital sign
while sleeping. Such a technology is a subject of interest for other medical issues
as well.
In home health care application, elderly monitoring, monitoring patients with con-
ditions that can be perturbed or worsened by contact sensors including neonates,
infants at risk of sudden infant health syndrome and burn victims, a non-contact
heart and respiration status monitoring technology could provide the necessary
data with minimum disturbance and complexity for medical experts and ease the
decision making process.
1.2 Thesis Objectives
Sleep monitoring is of major importance for various reasons such as the detec-
tion and treatment of sleep disorders, assessment of diﬀerent medical conditions
or medications’ eﬀects over sleep quality, and mortality risk assessment associ-
ated with sleep patterns in adults and children. It is a challenging area of medical
problems due to both privacy issues and technical considerations. It calls for mon-
itoring methods in which the patient’s natural state is less interfered. An ideal
device would be non-invasive, minimally restrictive, robust enough to compen-
sate movements of the patients, and would operate without relying on patient’s
cooperation.
Motivated by the exposed ideas and mentioned necessities, the main purpose of
this PhD thesis is to develop a non-obtrusive and non-contact system based on
Magnetic Induction techniques (MI) for detecting vital signals of a patient over
the bed. The data detected by the system would be subject to further analysis
for sleep assessments while it could also be used in other medical applications.
We seek to extend the existing models and compare them our new design to
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clarify that what has to be expected from measurements made with MI-based
systems and establish the feasibility of measurement with the newly developed
instrumentation.
The hypothesis is that a Magnetic Induction System (MIS) will be more sensitive
to vital signals and provides more information than the mechanical based systems.
This hypothesis is based on the fact that the distribution of eddy currents is in
the whole conductive body under test and is not only due to the displacements
of the body surface.
In order to accomplish the objectives diﬀerent steps are outlined:
1. Design and implementation of a monitoring system based on magnetic
induction technique for unobtrusive and contact-less vital signs including
breathing and cardiac activity
2. Extracting the information related to the respiration and cardiac activity
via signal processing
3. Assessment and study the obtained information in order to explore the
nature of the received signals; whether the source of such signals is only
due to surface body shape changes or conductivity changes contributions
or a mix of both
4. Comparison of the results from the developed system with other techniques
The required tasks are summarized below:
• Create three-dimensional models for studying the distribution of electro-
magnetic ﬁelds and eddy currents in a human trunk and perform various
simulations of the problem.
• Design and development of a measurement system that allows the evalua-
tion and veriﬁcation of the simulation results.
• Determining and quantifying the limitations of simulation and experimen-
tal measurements.
• Development of experimental and measurement protocols and implemen-
tation of them considering the changing parameters of the body postures
while sleeping; test and validation.
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• Development of comparison experiments in order to relate the available
displacement-based methods with our magnetic induction based sensor.
• Signal processing and data assessment
1.3 Thesis outline
The present PhD thesis has been developed in the Electronic and Biomedical
Instrumentation group, from the Department of Electronic Engineering at the
Universitat Politècnica de Catalunya, Barcelona. This group has been working
for more than 30 years in the ﬁeld of biomedical engineering with special interest
in the development of methods and instruments for biomedical applications of
electrical impedance tomography and spectroscopy.
This study was partly funded by the European FP7 research program: “Help4Mood”.
The aim of this project was to develop a system that will help people with major
depression recover in their own home. One of the main components of Help4Mood
was to develop a personal monitoring system that keeps track of important as-
pects of behavior such as sleep or activity levels.
The thesis is structured as follows; Chapter 2 presents a brief review of the avail-
able systems (commercially or research-only) and existing approaches for non-
contact vital sign monitoring. It also includes the theoretical background of mag-
netic induction technique and the advantages and challenges it oﬀers. Chapter 3
is all about the mathematical models based on ﬁnite element method developed
for numerical analysis and electromagnetic simulations. The diﬀerent approaches
and tools used as simulation techniques and for model development are explained
in detail in this chapter.
In chapter 4, design and implementation of the MI system -from an initial ver-
sion to an improved prototype- is explained. This section consists of the detailed
system description, antenna design and improvements, acquisition system design
together with analytical in-depth study of the unwanted coupling mechanisms
presents in the system. Subsequently, chapter 5 outlines the results obtained from
the experiments performed both by phantoms (saline solution) and volunteers on
the bed and also the comparative study between MIS and the pressure-based sen-
sor. Sensitivity of the system to diﬀerent parameters is explained in this chapter.
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Finally, in chapter 6 the general conclusions of the thesis and ideas for future
works are presented.
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Chapter2
Background
2.1 Review of electromagnetics
Maxwell’s equations are a set of four partial diﬀerential equations, essential in
the study of electromagnetic phenomena: they govern the spatial and temporal
evolution of the electrical and magnetic ﬁelds. These equations (that published
for the ﬁrst time in diﬀerential form in A Treatise on Electricity and Magnetism,
published by James Clerk Maxwell in 1873) are a synthesis of Gauss’s law and
Ampère’s law and, in fact, unify the concept of electrical ﬁeld and magnetic ﬁeld
into the wider concept of electromagnetic ﬁeld.
Maxwell’s equations can be formulated in diﬀerential or integral form. The dif-
ferential form is presented here, since it leads to diﬀerential equations that the
Finite Element Method can handle. For general time-varying ﬁelds, Maxwell’s
9
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equations can be written as:
∇ × H = J + δD
δt
(2.1)
∇ × E = −δB
δt
(2.2)
∇ · D = ρ (2.3)
∇ · B = 0 (2.4)
where:
H = magnetic ﬁeld intensity;
J = current density;
D = electric ﬂux density;
E = electric ﬁeld intensity;
B = magnetic ﬂux density;
ρ = electric charge density.
The ﬁrst two equations are also referred to as Maxwell-Ampère’s law and
Faraday’s law, respectively. Equation 2.3 and 2.4 are two forms of Gauss’ law:
the electric and magnetic form, respectively. Another fundamental equation is
the equation of continuity
∇ · J = −δρ
δt
(2.5)
Out of the ﬁve equations mentioned, only three are independent. The ﬁrst
two combined with either the electric form of Gauss’ law or the equation of
continuity form such an independent system. To obtain a closed system, the
equations include constitutive relations that describe the macroscopic properties
of the medium. They are given as follow:
D = ε0E + P
B = μ0(H + M)
J = σE
(2.6)
Where μ0 is the permeability of vacuum, ε0 is the permittivity of vacuum and
σ is the electrical conductivity. In the SI system, the permeability of vacuum is
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4π × 10−7 H/m and the ε0 is 8.85 × 10−12 F/m.
The magnetization vector M describes how the material is magnetized when
a magnetic ﬁeld H is present. It can be interpreted as the volume density of
magnetic dipole moments. M is generally a function of H. Permanent magnets,
for instance, have a nonzero M also when there is no magnetic ﬁeld present. In
linear materials, the magnetization is directly proportional to the magnetic ﬁeld,
M = χm H , where χm is the magnetic susceptibility. For such materials, the
constitutive relations are
	B = μ0(1 + χm) 	H = μr 	H (2.7)
The parameter μr is the relative permeability of the material. Usually it’s a
scalar property but can, in the general case, be a 3-by-3 tensor when the material
is anisotropic. A consequence of Maxwell’s equations is that changes in time of
currents and charges are not synchronized with changes of the electromagnetic
ﬁelds. The changes of the ﬁelds are always delayed relative to the changes of the
sources, reﬂecting the ﬁnite speed of propagation of electromagnetic waves.
Under the assumption of ignoring this eﬀect, it is possible to obtain the elec-
tromagnetic ﬁelds by considering stationary currents at every instant. This is
called the quasi-static approximation. The approximation is valid provided that
the variations in time are small and that the studied geometries are considerably
smaller than the wavelength [46]. All simulations were performed considering
this approximation.
2.2 Review of sleep measurement technologies
This section provides a brief but comprehensive review of the traditional and
modern (clinical and non-clinical) technologies used in sleep monitoring.
As stated before, unobtrusive1 non-contact vital signal sensing could be a power-
ful tool in applications where it is not desirable to disturb a subject’s physiological
and/or emotional state during detection or in other situations where access to
the subject is limited.
Many sleep sensing approaches have been proposed for assessment of body be-
1Please note that the terms "unobtrusive" and "non-obtrusive" have been used interchange-
ably in the text as both have been used in literature.
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haviors in bed but currently, there is no convenient, non-obtrusive way to assess
the quality of sleep. For instance, the assessment of sleep-related disturbances is
traditionally performed by Polysomnography. While this method provides a rich
data set like breathing, heart rate, blood pressure, etc., it can be done only in
the clinic environment with the use of wired sensors and skin electrodes.
Another approach is by wearing and actigraphy devices which is a relatively non-
obstructive method. The device monitors activities and later labels periods of low
activity as sleep. There are many commercial products like Phillips ActiWatch
that has been designed based on actigraphy. Zeo personal coach is another com-
mercial product for sleep monitoring in home environments. It is a headband
that users need to wear each night so that it can detect sleep patterns through
the electrical signals naturally produced by the brain (EEG).
In the category of wearable sensors or sensors which have a kind of contact with
the skin, smart fabrics and interactive textiles have been given lots of attention
[1] [2] [3] [4] [5].
Textile based sensors oﬀer a less invasive method of continually monitoring phys-
iological parameters during daily activities [6]. The problem of such kinds of
embedded textiles or actigraphy commercial products is that they are rather ex-
pensive and still the user needs to wear the device. By focusing on systems which
do not require any device to be worn, depending on the detection targets we could
consider three types of systems (based on functionality):
• Presence or Bed Occupancy
• Movement detection and classiﬁcation of sleep periods
• Vital signs monitoring: respiration and/or heart rate
Such a system could be classiﬁed in accordance with the following measurement
methods:
• Optical
• Radar
• Pressure
• Temperature
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• RFID
• Magnetic Induction
• Electrical Impedance Distribution
2.2.1 Optical Approach
One approach to assessing body movement during sleep at night unobtrusively is
by using an infrared motion detector (and a ZigBee communication module in case
of [7]). The advantage is that it is not necessary to attach any device to the body,
but it does not provide any information about breathing or cardiac activity. In
a new approach physiological parameters are recorded using an infrared emitting
diode and a photo transistor, which are attached between spring coils in the
bed mattress [8]. The infrared emitting diode diﬀuses infrared light into the
mattress. The diﬀusion of this energy is changed by mattress shape variations and
spring coil vibrations, which modulate the intensity of the received infrared signal.
The intensity is also modulated by physiological parameters such as heart pulse,
respiration and body movement. In [9] a contact-less and continuous monitoring
of heart rate was done using textile electrodes for the ECG and also with a
LED and a photo-diode pair (Photoplethysmography) under the sheet over the
mattress. In this method, there is a high dependency between the detected signals
and the mattress shape and size which increases the false detections.
2.2.2 Radar Approach
Another interesting method which has been given more attention is using mi-
crowave Doppler radar as a remote monitoring technique [10] [11] [12]. A per-
son’s chest has a quasi-periodic movement with no net velocity, and according to
Doppler theory, reﬂects the transmitted signal with its phase modulated by the
time-varying chest position. As a result, it can be used in respiration and heart
rate monitoring [13][14][15]. In this case a company-BiancMed2-uses this tech-
nology to produce a system for contact-free sleep and breathing monitoring and
a number of patent applications have been submitted and published using this
technique. Since this method is based on chest movements and surface motions,
2http://biancamed.com/
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it strongly depends on the patients’ movements, body orientation and position
regarding the antenna. Patients movements could decrease the accuracy of mea-
surements and the results may very well aﬀect by the motion artifacts.
2.2.3 Pressure Approach, Ballistocardiography (BCG)
Another method used for sleep monitoring, which is widely used, is to instrument
a mattress with diﬀerent types of pressure sensors and monitor body movements
and vital signs. This technique is commercially available and has been widely
used, some examples are S4Sensors, Contin bed and chair monitor system, Xsen-
sors, Early Sense, etc. These systems are able to detect -at least- the presence of
the patient over the bed and movement and/or cardiac and respiratory related
mechanical signals.
In [16] the authors used four vinyl tubes of 2 mm inner diameters Flat-type sensor
(Thickness: 8 mm) ﬁlled with silicon-oil that sandwiched by two acrylic plates,
the width of which is aligned with the bed size. One end of each tube is con-
nected to a pressure sensor and the other end is closed. This ﬂat-type sensor is
set under a pillow or a bed mat. The inner pressure in each tube is changed in ac-
cordance with respiration, cardiac beating and snore, and thus such information
can be detected by using appropriate signal processing. Another novel approach
is bed-type sensor system using the air-mattress with balancing tube method for
non-invasive monitoring of heartbeat, respiration, and events of snoring, sleep
apnea and body movement of the subjects. This system consists of multiple
cylindrical air cells. The physiological signals were measured by the changes in
pressure diﬀerence between the sensor cells [17].
In [18], the authors use pressure and temperature sensors laid out in a grid pattern
in the mattress to determine the quality of sleep. Bench testing has shown that
heart rate can be measured reliably and is not signiﬁcantly aﬀected by body orien-
tation. The NAPS (Non-invasive Analysis of Physiological Signals) is a low-cost
physiological sensor-suite that can passively acquire important physiological and
environmental characteristics [19]. The NAPS suite allows subjects to simply lie
on a mattress pad, embedded with vibration sensors, to obtain multidimensional
data (e.g., body temperature, heart rate, respiration rate, positional mapping
and movement).
Emﬁt sensors (commercially available) are made of Ferroelectrets. The Emﬁt
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products are based on an elastic, permanently charged ferro-electret ﬁlm that
converts mechanical stress into proportional electrical energy and conversely. Em-
ﬁt mechanically expands when voltages of opposite polarities are applied. Using
this sensor, numerous movement monitors, epilepsy and non-contact vital signal
monitoring systems have been designed. In a study of mechanical sensors [20],
an electret foil of 30cm x 60cm was simply placed in the thorax region under a
thin mattress on top of the existing sheet. In [21], a pressure-sensor array was
used and cross-correlation techniques were applied to realign polarity-adjusted
signals to create a map of delays across the torso. The map of delays between
the pressure sensors’ signals reveals important information about movement tim-
ing in the torso while breathing.
In [22], FlexiForce Sensor has been used along with a driving circuit and a Silab’s
C8051F020 Micro controller development board. The bed sensor was integrated
with a wireless system for a smart digital home monitoring.
Another method is employing load cells installed at the corners of the bed, al-
lowing both detection of movements and classiﬁcation of movement types. The
system focuses on identifying when a movement occurs based on the forces sensed
by the load cells. The movement detection approach estimates the energy in each
load cell signal over short segments to capture the variations caused by movement
[23].
Applying pressure sensors has been a relatively successful method among others
considering that each conﬁguration has its own limitation and problems. The
commercial systems are very expensive, some others need complicated installa-
tion process which can not be done easily and without expertise. Moreover, few
of these approaches present an accurate satisfying signal of cardiac activity or
respiration.
2.2.4 Temperature Approach
Temperature regulation in a body can also be used to monitor sleep quality and
vital sign detection. The mean thermal signal of the nostril region carries the
breathing information. Skin temperature increases during sleep onset and de-
creases during wake-up. These indicators could be used for monitoring aims.
However, it should be noted that the temperature variations can mainly be mea-
sured under controlled laboratory conditions [24].
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2.2.5 RFID
RFID could also be used to assess movements in the bed. Active RFID tags may
be used which combine passive UHF RFID technology with sensors to balance
energy independence with sensing potential [25]. In this method, diﬀerent algo-
rithms for classifying various sleep postures should be used. Commonly in these
systems, false detections in comparison with gold standards or with pressure sen-
sors detected signals are higher and the system do not provide any information
of breathing or cardiac activity.
2.2.6 Magnetic Induction
This Technique mainly focuses on vital sign monitoring rather than movement
or presence detection. It is known that breathing and heart activity change
the electrical impedance distribution in the human body over the time due to
ventilation (the air in the lungs decreases the lung impedance) and blood shifts
(blood perfusion decreases the organ’s impedance) [26]. Thus, it is possible to
detect both important vital parameters by measuring the impedance of the thorax
or the region around the lungs and the heart.
Magnetic Induction methods are based on inducing currents into the human body
with one or more coils. The conductivity of tissues inside the body alters the
induced eddy current. The re-induced magnetic ﬁelds generated through these
currents could be measured with properly designed receiving system. A single
coil could be used for both signal transmission and detection. The coils can be
embedded into the mattress. The ﬂexible coils are able to tolerate bending due
to the subjects’ weight and movement, and provide a continuous monitoring of
the patient breathing pattern or cardiac activity [27] [28] [29] [30] [31].
More sophisticated system using multi-frequency (spectroscopy) techniques have
been developed in [32] [33] [34]. An alternative is to measure the changes in
frequency or losses in an oscillator. [35] uses an LC oscillator to measure the
impedance change of chest and wrist due to the heart or lung activity with
capacitive and inductive electrodes.
The principle of this technique has been used extensively for the nondestructive
testing of metals. As stated before the idea of using a similar method for medical
applications is very attractive. This technique provides complete contact-free
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measurement setup, the coil(s) can be easily integrated into beds, mattresses or
chairs and it provides a continuous monitoring method without disturbing the
patient’s state by cables or attached electronics.
2.3 Magnetic Induction (MI) Method
When a conductive object is placed in a time varying magnetic ﬁeld, eddy cur-
rents are induced in the body which perturbs that primary magnetic ﬁeld. These
currents, which are in accordance with the laws of Faraday and Lenz, produce a
magnetic ﬁeld that can be detected by a properly designed receiver system (see
ﬁgure 2.1).
This fact has been veriﬁed theoretically and experimentally and has been used ex-
tensively for non-destructive testing of metals and the idea of applying a similar
method in the biomedical ﬁeld was very attractive especially in medical imag-
ing. The advantage of magnetic induction systems over other methods (electrical
impedance tomography for instance) is that no direct contact is required with
the object and the magnetic ﬁelds are not blocked by poorly conducting tissues
such as bones.
Sample
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Fig. 2.1 Physical principle of magnetic induction measurement technique
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2.3.1 Measurement basis
By injecting a time-varying current in to an excitation antenna (coil), a magnetic
ﬂux, also called the primary magnetic ﬁeld is produced. The magnetic ﬁeld
induces eddy currents in conductive materials. The amplitude of the eddy current
is proportional to the magnetic ﬂux density and the conductivity of the material.
This induced eddy currents generates itself a further magnetic ﬁeld call secondary
magnetic ﬁeld which could be measured by a suitable receiver antenna. This
measured signal is a function of the conductivity, geometry of the tissue and the
geometry of the excitation and detection antennas.
For a cylindrical sample with radius R and thickness t (t ≺≺ a) positioned co-
axially halfway between two small coils with distance 2a (ﬁgure 2.2, the relative
change of the magnetic ﬁeld in the receiver coil and, hence, the corresponding
relative voltage change can be expressed by [26][36][37]:
ΔB0
B0
=
ΔV0
V0
=
a3t
2
{
χm
R2(8a2 − R2)
(a2 + R2)
4 − j(σ + jωε0εr)ωμ0 ×
[
1
a2
− a
2 + 2R2
(a2 + R2)
2
]}
(2.8)
where χm denotes the magnetic susceptibility of the material. Equation 2.8 is
only valid for small perturbation, i.e., if the alteration of the excitation ﬁeld is
negligible and if μr is close to 1, which is the case for biological tissues.
Simplifying the equation 2.8 for a sample of material placed between an
excitation coil and a sensing coil, and if the skin depth of the electromagnetic
ﬁeld in the material is larger than the dimension of the sample, we have [26]:
ΔB0/B ∝ ω(ωε0εr − jσ) (2.9)
where σ is the conductivity of the sample, εr is its relative permittivity, ε0 is
the permittivity of free space, ω is the angular frequency of the excitation and j =√−1. Thus, the conduction currents induced in the sample cause a component
of ΔB0 which is proportional to frequency and lags the primary ﬁeld, B0, by
90◦. In general, ΔB0 will have real and imaginary components representing
the permittivity and conductivity of the sample respectively [38] (Figure 2.3).
For biological tissues, the conductivity (imaginary) component will normally be
dominant [38].
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Fig. 2.2 Model of the electromagnetic coupling between a cylindrical sample and a coil system [33]
B
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Im(∆B)
Fig. 2.3 Phasor diagram representing the primary B0 and secondary (ΔB0) magnetic ﬁelds detected.
The total detected ﬁeld (ΔB0 + B0) lags the primary ﬁeld by an angle ϕ [38]
2.3.2 Alternative measurement systems
As a general challenge, in biomedical applications, with tissue conductivity in
the range (typically  1S/m), the signal ΔB0 induced by the eddy currents is
typically much smaller than the primary background signal B0, i.e., |ΔB0/B0| is
generally  1 [38] and increases in proportion to the excitation frequency. More-
over, if the phasor representations are used, the imaginary part of the expression
Im|ΔB0/B0| increases with increasing tissue conductivity σ, i.e., Im(ΔB0/B0) ∝
σ , whereas the real component Re(ΔB0/B0) is relatively insensitive to changes
in tissue conductivity. Thus, for conductivity change monitoring, it is the imag-
inary part or the phase shift that dominantly contains the desired information.
The conductivities of biological tissues are many orders of magnitude lower than
metals, this means that the secondary signals to be measured are very weak. The
perturbation ﬁeld (secondary ﬁeld) could be measured via one or an array of re-
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ceiver coils.
In the single coil method, the coil is part of a Colpitts oscillator sending out the
alternating magnetic ﬁeld with a frequency usually between 4 to 10 MHz. The
induced secondary ﬁeld is measured indirectly by the eﬀective impedance change
produced by it [30]. However, developed systems by this technique suﬀer from
several artifacts. Moving an object relatively to the coil poses a change in the
conductivity distribution of the region measured by the sensor while on the other
hand, parasitic stray capacitance acts as a proximity sensor. Using two or more
coils (array of coils) has been investigated in various measurement systems de-
signed for vital sign monitoring and tomography. The secondary induced ﬁeld in
this method is directly measured by a (or a set of) receiver coils. Relative voltage
changes ΔV0/V0 is acquired from the receive(s), ΔV0 is the voltage change and V0
is the induced voltage in one receiver coil in the absence of a perturbation.
2.3.3 Primary ﬁeld cancellation methods
Considering the small secondary signal and the large background signal, the
design process, especially the coil’s conﬁguration, is very critical in the overall
performance of the MI systems. When using, for example, a coaxial pair of coils,
ΔV0/V0 can be as low as 10
−7 [37]. Digital processing of such signals requires an
impractically high dynamic range of the ADCs. Therefore, it is recommended
[39] to reduce the induced voltage V0 in the unloaded system while preserving
maximum sensitivity to conductivity changes.
The three possible cancellation methods are:
1. producing zero magnetic ﬂux in the unperturbed situation by orientation
of the receiver coil (zero ﬂux coil, ZFC) [40]
2. subtraction of the signals in a pair of diﬀerential coils (gradiometer)
3. electronic subtraction of V0 by adding −V0 from a controllable signal gen-
erator
Since the ﬁrst and second methods are easier to implement and more importantly
they cancel the primary ﬁeld (voltage) at an earlier stage, they are preferable
regarding the third method.
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2.3.3.1 Zero ﬂux coil
Zero ﬂux coil is, in fact, the cancellation of the primary ﬁeld by aligning the
receiver coil(s) along the magnetic lines of the primary excitation ﬁeld such that
there is no net ﬂux through the coil (see ﬁgure 2.4). In [41] the authors described
a system utilizing this principle. Their adoption of an annular array geometry
allowed primary ﬁeld compensation only for the two sensor coils adjacent to
the excitation coil. In [40] the principle was extended to allow primary ﬁeld
compensation for an array of the excitation coil and sensor coil where all the
coils are placed on a common plane.
Receiver coil
Excitation coil
Z
X
Fig. 2.4 Sensor coil alignment for zero sensitivity to excitation ﬁeld, adapted from [40]
2.3.3.2 Gradiometer
This approach consists of subtracting from the received signal a voltage as close
as possible (in the practical situation) to the V0 while maintaining the ΔV0 at
the original level to keep the sensitivity. This can be achieved by connecting two
coils in counter-phase. Ideally, the voltage induced in the absence of the object
should be zero when the gradiometer is adjusted because both coils receive the
same magnetic ﬂux if they are placed symmetrically regarding the excitation
coil (ﬁgure 2.5). Gradiometers could be either coaxial or planar, symmetric or
asymmetric (ﬁgures 2.6 and 2.7).
2.3.3.3 Comparison of cancellation methods
Comparing the two mentioned methods, in the case of ZFC, no voltage is induced
by the primary ﬁeld. This is an advantage over the gradiometer structure because
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the subtraction of two relatively high voltages in gradiometer coils is never perfect
leaving a residual voltage, that also could have some drifts. On the other hand,
a disadvantage of the ZFC is the higher susceptibility to interferences from far
RF sources [39] which in the gradiometer such interferences are canceled up to a
rather high degree.
The coaxial type of the gradiometer and the ZFC are not suitable for being placed
under the bed or mattress. While the symmetric planar gradiometer, due to its
intrinsic 2D structure, seems a suitable option for our application, it shows a
zero sensitivity plane in the center which is totally undesirable. Our approach
was to design an Asymmetric Planar Gradiometer (APG) in order to address
the mentioned challenges. Although the asymmetric nature of APG, will make
it susceptible to interference from far RF sources. This term (APG) has been
interchangeably used with the term Concentric Planar Gradiometer (CPG) in
the text as both reﬂect our new speciﬁc design for the receiver system.
2.3.4 Exposure to electromagnetic ﬁeld
2.3.4.1 Limitations and standards
Magnetic induction monitoring systems are based on the exposure of electro-
magnetic ﬁelds, so the limitations and standards for the exposure to these ﬁelds
should be considered in the design process. Exposure to time-varying electro-
magnetic ﬁeld results in internal body currents and energy absorption in tissues.
The quantity of energy absorption and level of internal currents depend on the
coupling mechanisms and the frequency involved.
Speciﬁc absorption rate (SAR) is a measure of the rate at which energy is ab-
sorbed by the body when exposed to a radio frequency (RF) electromagnetic ﬁeld;
It is deﬁned as the power absorbed per mass of tissue and has units of watts per
kilogram (W/kg). SAR is usually averaged either over the whole body, or over
a small sample volume (typically 1 g or 10 g of tissue). The value cited is then
the maximum level measured in the body part studied over the stated volume or
mass. The most commonly used safety standards are the ANSI/IEEE C95.1 [43]
and ICNIRP [44]. Basic restrictions for frequencies up to 10 GHz prescribed in
the ICNIRP standard [44], are given in table 2.1. In accordance with ICNIRP
recommendations, the maximum ﬁeld strength is limited by the speciﬁc absorp-
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tion ratio (SAR) which shall not exceed 2 W/Kg for head and torso. As a safety
requirement, we have studied the estimated SAR of the developed sensor system
which will be explained in chapter 3.
Table 2.1 ICNIRP basic restrictions for time-varying electric and magnetic ﬁelds for frequencies up
to 10 GHz
Exposure
Frequency
Range
Current
density J
for head
and trunk
mA/m2ˆ
Whole-
body
average-
SAR
W/Kg
Localized-
SAR for
head and
trunk
W/Kg
Occupational exposure
Up to 1 Hz 40 –
1-4 Hz 40/f –
4 Hz-1
kHz
10 –
1-100 kHz f/100 –
100 kHz-
10 MHz
f/100 0.4 10
10 MHz-
10 GHz
– 0.4 10
General public exposure
Up to 1 Hz 8 –
1-4 Hz 8/f –
4Hz-1 kHz 2 –
1-100 kHz f/500 –
100 kHz-
10 MHz
f/500 0.08 2
10 MHz-
10 GHz
– 0.08 2
The IEEE safety standard, on the other hand, is given in terms of maximum
permissible exposures (MPE) of incident external ﬁelds for controlled and uncon-
trolled environments corresponding to occupational and general public exposures
(table 2.2).
2.3.5 Mathematical Models (FEM method)
Computer modeling of electromagnetic ﬁelds distributed in biological tissues is a
very important step to have an estimation of the ﬁeld lines and their distribution
and intensity, the sensitivity of the system to various parameters, induced cur-
24 CHAPTER 2. BACKGROUND
z
x
Excitation coil
Fig. 2.5 Sample gradiometer coils arranged horizontally, adapted from [42]
+ -
Excitation coil
Fig. 2.6 Planar symmetric gradiometer
Excitation coil
Fig. 2.7 Coaxial symmetric gradiometer
Table 2.2 The IEEE maximum permissible exposure limits for controlled and uncontrolled environ-
ments
Controlled environments (Occupational) Uncontrolled environments(General Public)
Frequency range(MHz)
E
(V/m)
H
(A/m)
Power
density
(mW/cm2)
E (V/m)
H
(A/M)
Power
density
(mW/cm2)
0.003-0.1 614 163 – 614 163 –
0.1-3.0 614 16.3/f –
614 (up to
1.34MHz)
16.3/f –
823.8/f
(from
1.34-3.0
MHz)
3-30 1842/f 16.3/f –
823.8/f
(from
1.34-3.0
MHz)
16.3/f –
30-100 61.4 16.3/f – 27.5 158.3/f –
100-300 61.4 0.163 1 27.5 0.0729 0.2
300-3000 – – f/300 – – f/1500
3000-15000 – – 10 – – f/1500
15000-300000 – – 10 – – 10
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rents and etc. One of the solutions for solving these kinds of problems is Finite
Element Method (FEM) which is a powerful numerical method. The limitations
of the human mind are such that it cannot grasp the behavior of its complex
surrounding and creations in one operation. Thus the process of subdividing all
systems into their individual components or “elements“ whose behavior is readily
understood, and then rebuilding the original system from such components to
study its behavior in a natural way [45]. One deﬁnition for FEM could be [45]:
a method of approximation to continuum problems such that
1. the continuum is divided in to a ﬁnite number of parts (elements), the
behavior of which is speciﬁed by a ﬁnite number of parameters, and
2. the solution of the complete system as an assembly of its elements follows
precisely the same rules as those applicable to standard discrete problems.
The key feature of the FEM is the discretization through the creation of a mesh
made up of primitives (ﬁnite elements) in a coded manner (triangles and quad-
rangles in 2D domains, hexahedrons, and tetrahedrons in 3D domains). On each
element characterized by this elemental shape, the solution of the problem is
assumed to be expressed by the linear combination of functions called basis func-
tions or shape functions. From several commercial FEM software packages, we
have chosen the “COMSOL Multiphysics“ (from now on used as COMSOL) in
order to simulate our problem. COMSOL is a powerful interactive ﬁnite element
analysis, solver and Simulation software package for various physics and engi-
neering applications, especially coupled phenomena, or multiphysics. Although
in this software the user has the options and features to go through a complete
process of simulation; 2D or 3D design and modeling, adding boundary condi-
tions, parametric simulations and etc., its generally a bit complex to design the
3D model in COMSOL itself. There is an import module which users can im-
port a CAD model to COMSOL and later apply the conditions and simulate the
problem within it. At the time of our work with the version available and con-
sidering that our desired model is a human trunk with its complexities, besides
FEM software we have used other softwares (Solidworks, Simpleware,...) and
methods for modeling the body. Other softwares used in this work for diﬀerent
other simulations, are ORCAD, LabView and MATLAB.
It’s important to note that like the majority of software packages, before trying
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to simulate a problem, the theory and the concepts behind the problem should
be carefully understood to avoid false or irrelevant results, so before going to the
details of the simulation steps and results, a short review of electromagnetic, the-
ories and formulas - which have been applied in FEM modelling and simulations-
is explained in the next section.
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Chapter3
Mathematical models based on FEM
3.1 Geometry and modelling
Although cardiac cycle, heart activity and breathing mechanisms aﬀect several
organs, as stated before, our hypothesis is focused on the conductivity changes
in lungs and heart during the respiration and beating cycles, so for simulation
reasons, the thorax was considered as the main area of interest.
Before solving the problem in FEM software, thorax should be modelled and
imported to COMSOL (or to be designed within COMSOL). The alternatives to
do so were to use a CT of human thorax developing a complete and complicated
model, to draw and design a simpliﬁed one with CAD software or as stated before,
design a simple model within COMSOL.
3.1.1 Thorax modelling using Computed Tomography scan
Thorax is a complicated multilayer structure and not easy to model. Using Com-
puted Tomography or Magnetic Resonance images could help developing a 3D
model of lungs, heart and other important organs of thorax cavity.
Although it might sound as an ideal method, it is diﬃcult enough not to be used
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by the majority of researchers and engineers who are looking to simulations as a
tool to estimate the results ranges. For modelling using CT or MRI, one should
go through segmentation process which is an area of research on its own.
It should be considered that the output model of such a conversion should be
compatible with the FEM software import module and the related simulation
parameters. Two tools we have found useful for this conversion are 3DSlicer [1]
and Simpleware [2].
3.1.1.1 3DSlicer
Slicer or 3DSlicer is a free, open source software package for visualization and
image analysis. It’s a research package and initiated as a master project between
surgical planning laboratory at the Brigham and Women’s hospital and the MIT
Artiﬁcial Intelligence Laboratory in 1998.
The latest version is released in July 2015. however, at the simulation stage of
this thesis, an older version was tried.
Construction and Visualization of MRI, CT data were the ﬁrst objectives of this
software so for making the 3D output model compatible with a FE software, few
experience were (and are) available.
Complicated structure of thorax results in crashes of software while re-sampling
and make it very diﬃcult to obtain a good quality segmented model free of dis-
continuities or black points.1
Although, ﬁnally it was decided not to use this software for converting the
CT/MRI ﬁles, its worth mentioning that 3DSlicer is an open source and free
software which enables us as students to learn a lot about the basics of modelling
and image analysis. Figure 3.1 shows the dashboard of the program.
3.1.1.2 Simpleware
Simpleware is a 3D image processing, analysis and model generation software.
It provides tools for converting 3D image data into computational models for
biomedical analysis and generate meshes for export to FE solvers. The ﬁnal
3D model could be exported as volumetric mesh, COMSOL model or COMSOL
1In segmentation black points are points which are very close to the background color and
cause discontinuities in the ﬁnal model
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Fig. 3.1 3DSlicer dashboard with a CT scan of thorax loaded
mesh. It also provides several other output formats which are compatible with
ANSYS, Solidworks, etc.
The program is not free nor open source but upon request, a one-month trial
version is available for research centres and universities. Simpleware is a relatively
new and few similar problems have been solved by this software to be used as a
reference.
Despite 3DSlicer, Simpleware is a very powerful user-friendly software for re-
sampling, segmentation and conversion medical images. On the other hand, when
it comes to COMSOL there are some problems/incompatibilities which to the
knowledge of the author, are mainly due to limitations of COMSOL and were
not solved until version 4.4 of COMSOL, some are listed here:
• COMSOL imports the model as a ﬁnalized mesh. It’s not possible to add
any other components later (e.g. coils in our case) which is a familiar
problem importing models from Solidworks or 3DSlicer.
In fact this is an issue of COMSOL, because up to version 4.4 of COMSOL,
Boolean operations (i.e. Union) on geometries created from mesh (like
STL, VRML, etc.) were not supported.
• Simpleware +CAD module could be used to work around these limitations,
designing the whole geometry (coils and thorax) in Simpleware, but a new
problem arises. In FE solver, it might be necessary (depends on the type
34 CHAPTER 3. MATHEMATICAL MODELS BASED ON FEM
Fig. 3.2 Top view of the model Fig. 3.3 General view of the model
of solver) to deﬁne reference edges or edge boundary conditions. COMSOL
do recognize the domains and sub-domains of the imported model/mesh,
but not edges.
Due to the mentioned problems, we ﬁnally decided to design and model the whole
system within COMSOL to avoid later incompatibilities. A simpliﬁed 3D model
of the human trunk (including lungs and heart) was designed within COMSOL.
A current carrying coil is located in front of the chest as an excitation coil. Various
simulations have been performed and diﬀerent parameters were studied which will
be explained in the next sections.
3.1.2 Thorax modeling in COMSOL
The main model consists of a sphere as the surrounding area, a cylinder for trunk
structure and cones and spheres for lungs and heart. A current carrying coil is
located in front of the chest as excitation coil (ﬁgures 3.2, 3.3 and 3.4).
Since in magnetic induction, it is believed that the magnetic ﬁelds are not
blocked by poorly conducting tissues such as bones [3], the model does not consist
of ribs and other poor conductive parts of thorax to reduce the complexity of the
resulted mesh.
The dimensions and volume of the designed organs are approximately the ones
for a healthy normal male. Main tissue types used as material in the simulation,
dielectric properties of the tissues at 10 MHz and the number of ﬁnite elements
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of each organ are shown in table 3.1.
The applied Passive electrical properties of body tissues were derived from [4].
The application mode chosen was Magnetic Fields (mf) in the AC/DC module.
The AC/DC Module provides an environment for simulation of AC/DC electro-
magnetic in 2D and 3D.
The AC/DC Module is a powerful tool for detailed analysis of coils, capacitors,
and electrical machinery. With this module, we run a quasi-static simulation in
Magnetic Field interface mode.
Fig. 3.4 The ﬁnal model in COMSOL
The coils for excitation and detection (ﬁgure 3.5) were simulated as edge
instead of toroid to avoid the necessity of small elements generation inside the coil
domains. The excitation current was applied to the coil as boundary condition
(1 Ampere).
The excitation coil has a radius of 25 mm and the detection (receiver) coil’s
radius is 100 mm and both are placed at a minimum distance of 10 cm from the
chest. Coil design procedure, conﬁguration, optimization and the electrical safety
simulations will be explained in detail in chapter 4.
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Table 3.1 Number of elements and dielectric properties at 10.7 MHz (Operating Frequency)
Tissue Number of elements Conductivity S/m Relative Permittivity
Muscle 30586 0,6 170
Heart 2847 0,4 293
Lungs inﬂated 7484 0,22 123
Lungs deﬂated 7484 0,44 180
Fig. 3.5 Exc-Det coils
The next consideration in the simulation is the mesh elements and their size.
The Mesh features enable the discretization of the geometry model into small
units of simple shapes, the mesh elements.
The mesh generator discretizes the domains into smaller intervals. The endpoints
of the mesh elements are called mesh vertices. The boundaries (or vertices) de-
ﬁned in the geometry are represented in the mesh by boundary elements.
Since our model is a 3D model, the mesh generator was able to discretize the
domains into tetrahedral, hexahedral, prism, or pyramid mesh elements which
we have chosen the free tetrahedral mesh elements (ﬁgure 3.6), with the default
ﬁne size. However, for diﬀerent scenarios, we have switched to other available
mesh features or changed the mesh element sizes in order to solve the equations.
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Fig. 3.6 Discretized domains into tetrahedral mesh elements
3.2 Electromagnetic ﬁeld measurement simulations
As explained before, the perturbations caused by placing a conductive object in
a time varying magnetic ﬁeld is reﬂected in the imaginary part of equation 2.9.
In order to measure the ﬂux density, there are two alternatives, the straight way
is to work with the imaginary part of the magnetic ﬁeld. When nothing is placed
in front of the coil (free space), the imaginary part is zero since no current is
induced, while having even a low conductive object would cause a perturbation.
The induced ﬂux density (secondary magnetic ﬁeld) can be calculated by inte-
grating the orthogonal component of the magnetic ﬁeld over the surface of the
receiver coil.
Induced ﬂux density =
∫ ∫
S
mf.(B0 + δB) (3.1)
3.3 Frequency dependency
In biomedical magnetic induction systems (especially tomography systems), in
an attempt to increase the size of the secondary signal, higher frequencies than
the industrial tomography (up to 500 kHz) have been used.
The accessible frequency range will extend from several tens of kHz up to tens
of MHz, in which the upper limit is determined by the penetration depth of the
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electromagnetic ﬁeld and the desired sounding depth [5].
Using the speciﬁcations and methodology described before in this section, the
secondary magnetic ﬁeld was measured in various frequencies by simulations.
The impact of inﬂation and deﬂation of the lungs was added by changing the
conductivity of the lungs in each mode (ﬁgure 3.7).
Here in this simulation, the distance between the coil and the body is 5cm. The
dotted lines are the induced magnetic ﬁeld values while the lungs are inﬂated.
Since the conductivity is lower in this mode, the induced magnetic ﬁeld is smaller
than in the deﬂation mode.
−400 −300 −200 −100 0 100 200 300 400
−5
0
5
10
15
20
x 10
−9
 
 
f=10MHz
f=5MHz
f=2MHz
f=1MHz
f=500KHz
f=200KHz
f=100KHz
___ Deﬂated Lung
.....   Inﬂated Lung
M
a
g
n
et
ic
 ﬂ
u
x
 d
en
si
ty
 (
w
b
)
Coil position (x=0 coil center)
Fig. 3.7 Secondary magnetic ﬁeld vs. frequency
3.4 Exposure simulation
For simulating the SAR, parametric sweep study node has been used to ﬁnd the
solution to a sequence of stationary or time-dependent PDE problems.
Frequency and the space between the excitation coil and the body were deﬁned as
variables in order to study the eﬀect of those parameters on SAR and determine
a safe margin of distance and frequency for the system. Based on the deﬁnition
of SAR mentioned before, the following formula was used to calculate SAR in
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COMSOL.
In this equation (3.2), mf.QH is the electromagnetic heating averaged over the
density of the tissue. Both deﬂating and inﬂating modes of lungs were consid-
ered in the simulations and the conductivity of tissues was also swept to be in
accordance with frequency dependence state of conductivities.
SAR = mf.Qh/rho(trunk) (3.2)
The studied frequencies are 100 KHz, 200 KHz, 500 KHz, 1 MHz, 2 MHz, 5 MHz
and 10 MHz and the distance between chest and the excitation coil varies from
a minimum of 5cm to 20cm with 5cm steps.
3.4.1 Results and conclusions
Figure 3.8 shows the SAR simulation results. The estimation of the absorption
rate at the mentioned frequencies and distances shows that even considering
the worst case for exposure to the magnetic ﬁeld (a frequency of 10 MHz and
5cm distance), the maximum SAR is orders of magnitude lower than the safety
standards’ limits.
That is, for an excitation current of 1 A in a one turn coil at a distance of
5cm from the chest at a frequency of 10 MHz, we are more than one order
of magnitude under the safety limits imposed by ICNIRP standard (maximum
calculated SAR=0.0056 W/Kg).
Fig. 3.9 SAR simulation results at 1 MHz (left) and the worst case (10 MHz-5cm)
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Fig. 3.8 SAR vs. distance of Exc coil from chest
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Chapter4
System Design and Implementation
4.1 MI system with adjacent coils
4.1.1 System description
The ﬁrst designed MI system, was mainly to test the receiver design and had two
coils for excitation and detection placed adjacently and a demodulation system
based on PXI-5122. The excitation signal came from a 16-bit arbitrary wave-
form generator (PXI-5422, National instrument) operating at a sample rate of
200 MS/s. The signal received at the detector coil was passed to a two stage low
noise ampliﬁer (AD8432) with a gain of 64. The ampliﬁed signal is then, sampled
at 100 MS/s by a 14-bit digitizer (PXI-5122, National Instruments). The driv-
ing frequency for the measurements was ﬁxed to 10 MHz. In this conﬁguration,
the coils are two 8-turn coils with a diameter of 5 cm (ﬁgure 4.1) that could be
placed on a common printed circuit board (PCB).
The generator (PXI-5422) has been conﬁgured to produce a sine wave with
a desired frequency and amplitude as excitation signal with an injected current
of 22 mA. The signal at the detection coil (RX) is then passed through the
AD8432 to be ampliﬁed to the input level of the digitizer. The ampliﬁer is an
AD8432 which is a dual channel, low power ampliﬁer with an input voltage noise
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50 mm
10 mm
60 mm
Fig. 4.1 EX-RX coils conﬁguration,
NI-5422
L
EXC
8.8 uH
L
DET
8.8 uH
 LNA
AD8432
NI-5122
14 bit
Digitizer
Vcc
Waveform generator
Fig. 4.2 Block diagram of an adjacent coil structure MI system
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of 0.85 nV
/√
Hz. Both channels of the ampliﬁer are set to a gain of 18.06 dB
(×8) providing a total ampliﬁcation of ×64, driven with a single-ended input and
measured unipolar at the output. Figure 4.2 shows the block diagram of the
described system.
4.1.2 Measurement protocol
Six saline solutions, in plastic tanks of 8 liters and dimensions of 30X15X15, were
made up with conductivities of 0.0005, 0.2, 1, 2, 5, 16 [Sm−1]. The experiment
steps are as follows; place the tank at a distance of 5 cm from the sensor’s head,
step back, wait for 3 seconds, step forward and touch the tanks for 2 seconds,
step back, wait for 3 seconds more and ﬁnally take it out. For each experiment,
40 measurements have been done in 22 seconds [1].
Fig. 4.3 Phase angle of the detected signal
4.1.3 Results and discussions
Equation (2.9) predicts that the imaginary component of the secondary magnetic
ﬁeld (ΔB) must be proportional to σ. The equation is valid when the skin depth
of the electromagnetic ﬁeld is much larger than the thickness of the sample.
As the conductivity increased, the skin depth became comparable to the diameter
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of the tank, i.e. for a conductivity of 16 [Sm−1] the skin depth is 3 cm in
comparison with 16 cm of tank diameter. The simulation conﬁrms this issue and
it can be seen in ﬁgure 4.4 that, there is a change in the slope for greater values
of σ.
Moreover, ﬁgure 4.4 shows that we have an overestimation of the phase angle.
When the operator is touching the tank, a phase change -from free space situation-
of about 6◦ can be seen in the graphs (ﬁgure 4.3) while without touching, the
maximum phase change is about 3◦.
Although the phase was adjusted to the empty space case, these phase changes
could still not be explained only by magnetic induction eﬀects, and the capacitive
coupling must play an important role that is in accordance with [2] and [3].
The changes produced when the user touches the bottles are not due to direct
coupling between the object and the coils. It must be due to the direct coupling
between the coils, object, and the ground through the user who is touching the
bottle.
There are also measurement errors due to misplacement of the tank over the
sensor. Experimentally, we obtained that a misplacement of 1 cm, in the same
axis as cylinder’s axis, produces a change of about 0.29◦ and a misplacement of
1 cm, in the axis perpendicular to the cylinder’s axis, produces an approximate
phase shift of 0.047◦.
These phase changes could also be explained by capacitive coupling. As the
capacitive eﬀect is mainly related to the distance between the object and the
coils, and magnetic induction is more sensitive to the changes in conductivity, we
want to evaluate the possibility of using both magnetic and capacitive eﬀects to
monitor vital signs
The advantage of monitoring physiological signals is that they are rhythmic and
the artifacts and unwanted static signals, produced by environmental factors,
could be suppressed by signal processing techniques.
Based on the results of this experiment, we later changed the design of the coils
to optimize the balance between capacitive and magnetic eﬀects. A gradiometer
structure (APG) was then applied as a ﬁeld cancellation method to suppress the
large primary magnetic ﬁeld and increase the sensitivity of the magnetic induction
signal.
4.2. MI SYSTEM WITH APG 47
Diﬀerent topologies of gradiometers and coils suitable for being implemented on
a PCB were studied and will be explained later in this chapter.
Fig. 4.4 Phase angle increment due to changes in σ
4.2 MI system with APG
As stated in chapter 2, in MI systems there are two contributions to the signal
detected by the RX coil. The ﬁrst is directly induced by the ﬁeld from the
excitation coil (TX) called the primary signal and the second is the eddy current
induced within the object under study (desired secondary signal) [4].
The primary ﬁeld signal is by some decades higher than the secondary signal of
interest, and is responsible for introducing noise into signal measurements by two
means— by restricting the gain which may be applied to the received signal and
thereby increasing the contribution of quantization errors.
Gradiometers have been used in order to minimize the response to primary ﬁeld
signal in the receiver antennas. In this method, two sensor coils are placed at
equal distances on either side of any axis of symmetry of to the excitation coil.
The coils are then connected in serial opposition to produce a gradiometer [4].
Variations on this method include placing the sensor coil pair symmetrically about
the plane of the excitation coil to produce an axial gradiometer and placing the
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sensor coil pair symmetrically about the center axis of the excitation coil to
produce a planar gradiometer [5][6].
This conﬁguration is highly sensitive to the displacements and the zero sensitivity
plane in the center of this structure is not desirable. Capacitive coupling has a
higher impact on this structure and needs to be addressed.
To overcome these drawbacks and improve the level of the received signal, we
studied diﬀerent topologies of gradiometers as a ﬁeld cancellation method to
minimize the primary magnetic ﬁeld while maintaining/ improving the sensitivity
of the system to the induced desired signal.
The design of the new receiver antenna is partly based on the design explained in
the patent application; “Coil arrangement for a magnetic induction impedance
measurement apparatus comprising a partly compensated magnetic excitation
ﬁeld in the detection coil” [7]. Developing the idea described in the mentioned
patent, the design process started from scratch and each and every step were ﬁrst
simulated by COMSOL with various assumptions. In the following sections, the
design process will be described in detail.
4.2.1 System description
The system is based on two coils as excitation and detection coils and a phase
sensitive detector. The excitation signal is provided by a signal generator at a
frequency of 10.7MHz because there are low-cost ceramic ﬁlters available at this
frequency. The coils have been designed in a planar conﬁguration and imple-
mented in printed circuit board to be placed under the mattress.
4.2.1.1 Excitation coil
The excitation coil is an 8-turn spiral coil with an inner diameter of 5 cm imple-
mented on PCB.
Based on the modiﬁed Wheeler formula [8][9] shown in equation 4.1, the self-
inductance of the excitation coil is 6.93μH. That is for an 8 turn spiral with
wire diameter of 0.6mm, turn spacing of 0.8mm and inner diameter of 50.84mm.
In equation 4.1, Davg is the average coil diameter and the coeﬃcients K1 and K2
are layout dependent.
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The measured self-inductance of the coil (with HP4192A impedance analyzer)
however, is 8.8μH. The diﬀerence comes from the equation’s approximations
and layout dependent coeﬃcients.
L = K1μ0
N2Davg
1 + K2ϕ
(4.1)
d =50.8 mm
0.8 mm
0.6 mm
Fig. 4.5 Excitation coil ﬁnal design
4.2.1.2 Receiver coil, APG
The APG is a one-turn antenna with a total measured inductance of 1μH. This
coil has a particular shape that is adapted to cancel out the primary ﬁeld.
Similar to the excitation coil, the APG is implemented on PCB, located symmet-
rically (concentric) to the excitation coil. The separation between two coils is 2
mm and the outer section’s radius of APG is 100 mm.
Through simulations, cancellation ratio and the optimum radius for APG were
calculated to ensure and validate the design.
Cancellation ratio
Two set of simulations were performed in order to calculate the cancellation ratio
(at free space and in the presence of the object, with and without cancellation).
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In addition, parametric solver was used to resolving the APG’s inner section ra-
dius where the cancellation is at maximum.
The object is the body model with the conductivities mentioned in table 4.1. The
conductivity applied to the lungs is for the deﬂated mode.
The ﬁrst simulation was performed with a one turn excitation coil and a one turn
simple receiver coil (without any cancellation surface), placed concentrically.
∫
S
∫
	B0.d	s −
∫
S1
∫
	B0.d	s = 0 (4.2)
The simulation then was repeated with the same excitation coil but a diﬀerent
receiver. The new receiver coil has a second surface acting like a second receiver
coil which is connected in series to the ﬁrst one.
To ﬁnd the optimum radius for the inner circle of APG (inner coil), the radius
of APG -outer area; S- was maintained as 100 mm and the radius of the inner
surface (S1) swept as a variable parameter. The parameter values were started
from 1 mm up to 25 mm (the radius of the excitation coil).
Based on the gradiometer’s principle, the excitation ﬁeld in the ﬁrst and second
detection coils is cancelled by currents induced in the ﬁrst and second detection
surfaces adding up to zero (equation 4.2). The optimum radius for maximum
cancellation calculated as 11.87 mm.
Table 4.1 APG Simulation’s assumptions
Frequency 10 MHz
Object’s distance from the sensors 50 mm
Object conductivity Lungs 0,44 S/m
Heart 0,5 S/m
Muscles 0,6 S/m
Exc coil radius 25 mm
Det outer radius 100 mm
As explained before and according to the equation 2.3, the eﬀect of primary
magnetic ﬁeld (B0) appears in the real component of the detected signal. Com-
paring the results of APG simulation with the case of a simple coil for detection,
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a cancellation factor of 5 orders of magnitude in the background signal could be
observed.
On the contrary, the imaginary part of the signal (see table 4.2) which is the
contribution of the eddy currents, experiences fewer changes after cancellation
and stays at the same level of magnitude. The residual real part remained after
applying the cancellation is the contribution of object’s permittivity.
Table 4.2 APG simulation results
Radius Simulation Description Measured ﬂux (Wb) Measured Voltage (V)
R=100 mm, r= NA No cancellation, No object 1.21E−08 + 0i 0.76 + 0i
R=100 mm, r= NA No cancellation, with object 1.23E−08 − 8.83E−11i 0.77 − 0.0055i
R=100 mm, r=11.87 mm APG, No object 1.09E−13 + 0i 9.25E−06 + 0i
R=100 mm, r=11.87 mm APG, With object 1.78E−10 − 8.59E−11i 0.011 − 0.0054i
Figures 4.6 and 4.7 show the simulation setup.
Detection coil
Excitation coil
Fig. 4.6 TX-RX coils, no cancellation
Simulations were repeated with an 8-turn excitation coil (ﬁgure 4.8) and as
expected, similar results were obtained.
However, the results from simulations will face some practical limitations
in the implementation phase. The connections and capacitive coupling between
wire lines are some of the important points which have to be considered in the
hardware implementation.
An example of this practical limitations is shown in ﬁgure 4.9. In this design the
capacitive coupling between two vertical lines of APG was high because of the
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S(Detection coil)
S
1 
(cancellation)
Excitation coil
R=100mm
r 
Fig. 4.7 TX-RX coils with the cancellation
Fig. 4.8 Simulation model using 8-turn EXC coil, each turn carries a current of 1/8 A.
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Fig. 4.9 a sample of tested conﬁgurations for TX-RX
Excitation Coil
Receiver Coil
100 mm
Resolved in simulations 
r = 11.873
Fig. 4.10 TX-RX coils conﬁguration, ﬁnal design
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Fig. 4.11 The PCB implementation of the designed coils
proximity of the lines.
The measured inductance of the ﬁnal PCB implementation of APG (4.10) is 1
μH. That is the total measured inductance of the coil. The analytical solution
for inductance calculation gives a value of 0.55 μH for the outer section and a
value of 0.07 μH for the inner section.
The diﬀerence between the analytical calculation and the measured inductance
could be attributed to the gaps (opening section), equation’s approximations and
layout dependent coeﬃcients.
4.2.2 Data Acquisition system
Given the small signals received by the APG, achieving the required phase mea-
surement precision for vital sign monitoring application is a major challenge. An
important component of an MIS is the ampliﬁer and acquisition system which
should be phase-stable and low noise.
In addition -as our objectives imply- the whole system should be low-cost and
easy-to-install (low complexity)for the users. These reasons together with other
previously mentioned shortcomings of the ﬁrst version of MIS, lead us to an im-
proved design for the acquisition system.
The signal received at APG will be ampliﬁed by a two stage low noise ampliﬁer
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(AD8432) with a gain of 64 and an input voltage noise of 0.85nV
√
Hz.
The ampliﬁed signal is then ﬁltered by ceramic ﬁlters at 10.7 MHz before be-
ing introduced to a gain and phase detector. AD8302 is an RF/IF gain-phase
detector with an accurate phase measurement scaling of 10 mV/deg, used for
demodulation and phase detection.
The reason for using the ceramic ﬁlters is due to the fact that the AD8302 is
not a coherent phase detector and is sensitive to the interference signals at other
frequencies than the 10.7 MHz. In addition, phase sensitive detectors are slightly
more expensive than the AD8302.
The excitation signal is provided by a signal generator at an operating frequency
of 10.7 MHz. Figure 4.12 shows the block diagram of the developed system.
As a reference of the experiments1, for breathing and cardiac activity signals,
Pulse plethysmogram (PPG) and pressure transducer of a BIOPAC-MP36 sys-
tem has been used to monitor and compare the signals detected by MIS and sig-
nals detected by diﬀerent systems. The complete schematic of the implemented
system (ampliﬁcation and detection circuit) is shown in 4.14.
f = 10.7 MHz
Amp: 1.27 Vrms
 LNA
AD8432
G=64
AD8302
 RF phase/gain detector
B
IO
P
A
C
 M
P
3
6Pressure sensor
 Pulse
photoplethysmogram
 Ceramic Filters
LTCV 10.7 MHz
APG
 EXC
PPG
50 Ω
V
g
Fig. 4.12 MIS block diagram
The AD8432, is driven with a single-ended input measured diﬀerentially at
the output. The unterminated bandwidth is 200 MHz. To achieve such low noise,
the dual ampliﬁer consumes 24 mA, resulting in a power consumption of 120 mW.
The inverting input is ac-coupled to the ground with 0.1μF capacitor for proper
operation and maintaining the internal dc bias levels.
RSH and CSH are resistor-capacitor shunt network (RC) to enhance stability at
higher frequencies and reduce gain peaking and interference. General purpose
1Full description of the experimental setup will be provided in chapter 5.
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pulse transformers2 have been used at the output of each ampliﬁer stage for
isolation purposes (1CT:1CT), trying to suppress the capacitive coupling to the
ground.
The LTCV10.7 ﬁlters (ceramic ﬁlters) are small, high performance chip ﬁlters
consisting of 2 ceramic elements.
AD8302 measures the magnitude ratio (gain) and phase diﬀerence between two
signals. Logarithmic ampliﬁers provide a logarithmic compression function that
converts a range of input signal levels to a compact decibel-scaled output. In
our design, AD8302 was conﬁgured in measurement mode. The mathematical
formula of the chip acting in measurement mode is:
VMAG = RF ISLP log(VINA/VINB) + V CP (4.3)
VPHS = −RF Iφ(|φ(VINA) − φ(VINB)| − 90◦) + VCP (4.4)
VINA and VINB are two input signals which in our case one is the reference
signal (same excitation signal) and the other is the output signal from the ampli-
ﬁer. For the gain function, RF ISLP is 600 mV/decade. With a center point of
900 mV for 0 dB gain, a range of -30 dB to +30 dB covers the full-scale swing
from 0 V to 1.8 V. For the phase function, the slope represented by RF Iφ is 10
mv/degree. With a center point of 900 mV for 90◦, a range of 0◦ to 180◦ covers
the full scale swing from 1.8 V to 0 V. The range of 0◦ to −180◦ covers the same
full-scale swing but with the opposite slope.
278615/2C, muRata Power Solutions
Fig. 4.13 Ampliﬁcation and demodulation units (top view)
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4.2.3 Analytical system characterization
4.2.3.1 Mutual inductance
Considering two single-turn-co-planar, concentric coils of radii R1 and R2, with
R1  R2 shown in ﬁgure 4.15 the mutual inductance can be calculated as follows.
I1
R1
R2
Fig. 4.15 Two concentric current loop
The magnetic ﬁeld at the center of the ring due to I1 in the outer coil is given
by:
B1 =
μ0I1
2R1
(4.5)
Since R1  R2, we approximate the magnetic ﬁeld through the entire inner
coil by B1. Hence, the ﬂux through the second (inner) coil is
Φ21 = B1A2 =
(
μ0I1
2R1
)
πR22 =
μ0πI1R
2
2
2R1
Thus, the mutual inductance is given by
M =
Φ21
I1
=
μ0πR
2
2
2R1
(4.6)
Based on equation 4.6, the mutual inductance calculated for diﬀerent coil combi-
nations are listed in table 4.3
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Coupling coeﬃcient
Common expression for the mutual inductance between two coils is given by
equation 4.7. However, this equation assumes 100% magnetic coupling between
the coils.
Practically, there is always some loss due to leakage and position. The amount of
ﬂux linkage can be deﬁned as a fraction of the total possible ﬂux linkage between
the coils. This fraction value is called the coupling coeﬃcient and is given as
equation 4.8.
M =
√
L1L2 (4.7)
K =
M√
L1L2
(4.8)
Using the previously calculated mutual inductance, the coeﬃcients were calcu-
lated and are shown in table 4.3
Table 4.3 Calculated mutual inductance (M) and coupling coeﬃcient (K) for EXC and APG
Coils Mutual inductance Coupling coeﬃcient
M12 Excitation coil & Outer coil of APG 118 nH 0.056
M13 Excitation coil & inner coil of APG 84 nH 0.1
M23 Two coils of APG 0.58 nH 0.003
Simulation
The mutual inductance between excitation and AP coils3 were examined and
computed using a frequency domain model in COMSOL (see ﬁgures 4.16 and
4.17).
A prescribed current of 1 A is ﬂowing through a 8 turn coil of radius 25 mm
(EXC), at the operating frequency (10.7 MHz). A 1 turn secondary coil with a
radius of 100 mm, is concentric with the primary, and in the same plane. The wire
radii in both coil is r0 = 0.6mm. The coils are modeled in the 2D axisymmetric
space, assuming no physical variation around the center line. Equation 4.6 is the
main applied equation.
3The APG coils mutual inductance is negligible so was not included in the simulations.
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APG outer coil 
(Single turn)
Primary coil
Inﬁnite element
Fig. 4.16 Schematic representation of the 2D axisymmetric model of the EXC and APG (outer coil)
Fig. 4.17 Magnetic ﬂux lines for the open circuit simulation
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The results are in accordance with the analytical calculations; the mutual
inductance between excitation and APG outer coil (bigger surface) is computed
as 109 nH and an inductance of 0.65 μH for this section of APG.
The mutual inductance between excitation coil and APG inner coil is 48 nH, and
the inductance of this APG section is computed as 0.048 μH. See table 4.3 for
comparison.
4.2.3.2 Capacitive coupling
In an ideal magnetic induction (MI) system, the coupling between the object and
the coils is expected to be only by the magnetic ﬁeld. However, in a practical
system, the electric ﬁeld (capacitive) coupling also exists.
In the majority of the cases studied until now -especially in the applications in
which the sample to be monitored (characterized or imaged) has low conductivity
or is non-magnetic- it could be considered as an unwanted signal which causes
large errors and makes the design of the system more complex.
In [10], the authors reported that the residual capacitive coupling aﬀected mainly
the real part of the signal and was therefore separated from the conductivity
measurement by phase-sensitive detection, but [11] showed that the imaginary
part could also be aﬀected.
Since the received signal due to conductivity changes is very small, a small amount
of contamination of the signal by capacitive coupling is important. In this section,
the possible ways of signal contamination by capacitive coupling are studied.
Coupling mechanisms
The authors in [11], separated the coupling mechanisms existing in an excita-
tion/detection pair of sensor coils, into six cases, two involving coupling directly
between the source and the detector coils, and other four cases are related to
coupling with the sample.
• Direct inductive coupling between the two coils (M12), producing the large
background signal of primary ﬁeld at the RX coil. In order to subtract
this signal, we have used a diﬀerent design of receiver coil (ﬁgure 4.18).
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Fig. 4.18 Direct ind & cap coupling
• Direct capacitive coupling between two coils (TX/RX) through Cdirect.
This is the unwanted coupling and according to [11] is either in-phase or
180◦ out-of-phase with the primary inductive coupling (ﬁgure 4.18).
• Inductive excitation-inductive detection (M13,M23) which is the desired
mode for detection of conductivity changes due to vital physiological ac-
tivities of the body (ﬁgure 4.19a).
• Capacitive excitation-capacitive detection is again an unwanted eﬀect caused
by the potential diﬀerence between the exciter and the receiver through
the object (ﬁgure 4.19b).
The coupling is between the excitation and detection coils, through the
object. The surface area of the object has a great impact in this coupling
path. Losses associated with the resistance of the object will result in
changes in the quadrature component of the detected signal, which can
not be separated from the desired signal and so have to be minimized by
precise grounding and screening [11].
• Inductive excitation-capacitive detection is an unwanted eﬀect caused by
voltages induced in the object by the magnetic ﬁeld from the excitation
coil, M13. The object voltage is then could be detected through C23 (ﬁgure
4.20a) and C131 (ﬁgure 4.20b), it’s diﬃcult to quantify but it would be
much smaller than the desired mode of coupling [11].
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• Capacitive excitation–inductive detection is again an unwanted mode of
coupling caused by the detection of the magnetic ﬁeld created by displace-
ment current through stray capacitance between the excitation coil and
the object (ﬁgure 4.20b). This is supposed to be signiﬁcant when the
object and coils are of comparable size and close to each other [11].
Note that in ﬁgure 4.18 and the following ﬁgures “ind” stands for inductive and
“cap” stands for capacitive.
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(a) Object’s impact on ind-ind coupling
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(b) Object’s impact on cap-cap coupling
Fig. 4.19 Coupling paths and object’s impact on these couplings (I), adapted from [11]
For the cross couplings and mainly to suppress the capacitive coupling, the
main recommendation is to do the electrostatic screening. Screening may not
necessarily improve the situation, especially for coils with a small number of
turns because of voltages induced on the screen.
The screen is a large conductive area and may increase the parasitic coupling. It
also could act as a single turn inductor and the EMF between one end of the
screen and the other end will be 1/N times of the primary voltage (N=number
of turns).
Comb screens can be used to screen the electric ﬁelds since they have little/no
eﬀect on the magnetic coupling. The cut lines do not allow the circulation of
eddy currents but will screen the electric ﬁeld. However, in small coils and in
cases in which the object and the coils are very close, comb screening may not
work either.
In our case, as we were looking for a practical and low-cost system and not
for an academic version of the magnetic induction system, we decided not to
use screening. Our hypothesis is that the capacitive source in the signal will
not cancel out the magnetic eﬀect, and will produce a complementary source of
information.
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(b) Cap-ind cross coupling via object
Fig. 4.20 Coupling paths and object’s impact on them (II), adapted from [11]
Capacitance estimations using FEM simulations
Using the electrostatics study of COMSOL, we simulated the capacitance be-
tween the object and the coils and also between the coil planes.
The geometry and the model used in this section are similar to the previously de-
scribed model, consists of two edge coils for excitation and detection. Excitation
coil has a radius of 25 mm and the detection (receiver) coil’s radius is 100 mm
and both are placed at a distance of 5 cm from the chest. The chest, lungs and
heart are designed with simple cylinders and cones.
The governing equations in the electrostatic simulations are:
∇.D = ρv (4.9)
E = −∇V (4.10)
where D is the electric displacement, E is the electric ﬁeld, V is the electric
potential and ρ is the electric charge density.
The results of the simulation are shown in table 4.4. C1 is the capacitance
between EXC and the object (body), C2 is the capacitance between the APG
and the object and ﬁnally the C21 is the capacitance between EXC and APG.
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As expected, the capacitance between APG and the EXC is higher due to the
proximity.
Table 4.4 Capacitance value calculated by electrostatic calculations
EXC-Body, C1 (F) EXC-APG, C21 (F) APG-Body, C2 component (F)
−1.64E−12 4.11E−12 1.02E−12
These simulations provide us with the approximate capacitance values which later
we used for modeling the circuit with ORCAD.
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Direct capacitive coupling impact on primary ﬁeld cancellation
As stated before in this chapter depends on the coupling coeﬃcient and the ad-
justment of the coils regarding each other, a very small negligible residual primary
voltage will remain at the output of the APG. However, the unwanted capacitive
couplings aﬀect the system including the primary cancellation.
We simulated the circuit with ORCAD to study the direct capacitive coupling
impacts and the values obtained in the capacitive simulations with COMSOL.
Using parametric simulations, diﬀerent values of the direct capacitive coupling
value were studied. In ﬁgure 4.21, the C1 simulating the direct coupling as a
variable capacitance taking the values of 4 pF, 2 pF, 1 pF, 0.1 pF, 0.01 pF and
0.001 pF. K1 and K2 are the coupling coeﬃcients for the gradiometer-detection
coils and the excitation-detection respectively.
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Fig. 4.21 Schematics for variable capacitance simulations
Parametric simulation results show that by increasing the C1 value, the can-
cellation is faded and the residual voltage from primary ﬁeld increases. Figures
4.22 and 4.23 illustrate the results.
Considering that the changes due to vital activities at the operating frequency
are in the range of 10−4 to 10−6 [12], small increments in residual voltage al-
ters/fades the desired signal and could cause wrong interpretation of the vital
signals.
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 Direct capacitance
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Fig. 4.22 Residual voltage due to diﬀerent direct capacitance (I)
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Fig. 4.23 Residual voltage due to diﬀerent direct capacitance (II)
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As explained previously, the magnetic ﬁeld generated by the excitation coil
results in eddy currents ﬂow in patient’s thorax, which re-induce a secondary
ﬁeld containing the information from thoracic area, a conductive part (Rbody)
and a capacitive part (cbody) that model tissue conductivity and permittivity
(see equation 2.9).
The concept shown in ﬁgure 4.24 could be modeled in circuit representation
illustrated in ﬁgure 4.25.
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Fig. 4.24 Detection concept
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Fig. 4.25 Equivalent circuit of an excitation-detection coil pair
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Fig. 4.26 Schematic of the MI circuit, adjustment simulations
In ﬁgure 4.26, Lgrad is the inner part of APG and Ldet is the outer section.
The coupling coeﬃcients (CC) used for the coils are estimated from the calcu-
lations previously explained. The coupling coeﬃcient is a representation of the
adjustment component.
It is crucial -for the system to work properly- to minimize this component in
order to minimize the residual voltage and in analytical solutions we suppose the
M13 to be zero or negligible.
Figure 4.27 shows the residual voltage for diﬀerent values of adjustment (coupling
coeﬃcient between EXC and APG).
The minimum residual voltage (41.9 uV ) obtained with a coeﬃcient value of
K = −0.15 between EXC and APG inner coil. As it can be seen for certain val-
ues of K, it is not possible to ﬁnd a minimum close to zero for the residual voltage.
Figure 4.28 shows the frequency response of the system in the absence of the
object.
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Fig. 4.27 Coupling coeﬃcient (adjustment) impact on residual voltage at the output of APG
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Fig. 4.28 Frequency response of the system in the absence of the object
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4.3 Expected signal due to physiological activi-
ties
The secondary received signal at the detection coil is carrying the information of
physiological activities. That could include breathing, cardiac activity, motions
and other organ’s contributions. In a series of simulations, we have simulated the
breathing process. These simulations include conductivity changes of the lungs
while inhalation/ exhalation of the air into/from the lungs, lung and thorax
volume changes. Table 4.5 and ﬁgure 4.29 shows diﬀerent scenarios for breathing
simulations in order to ﬁnd out the impact of each change on the signal and the
results. Table 4.5 shows the measured secondary signal:
1. when the lungs are deﬂated (lower volume of air) and the conductivity and
permittivity values are related to this state of the lungs. Distance from
the chest is 50 mm. - Deﬂ Nor
2. when the lungs are deﬂated (lower volume of air), the conductivity is the
same as before (0.44 S/m) but the permittivity changed to inﬂation state
permittivity (123). Distance from the chest is 50 mm. Nor dEps
3. when the lungs are deﬂated (lower volume of air), the conductivity changed
to inﬂation state conductivity (0.22 S/m but the permittivity is the deﬂa-
tion related permittivity (180). Distance from the chest is 50 mm. Nor
dSigma
4. when the conductivity and permittivity changes to inﬂation state related
values (0.22 S/m and 123) but the volume remains as deﬂated ( lower
volume of air). Distance from the chest is 50 mm. Inf no dV no dD
5. when the lungs are inﬂated (higher volume of air) and the conductivity
and permittivity values are related to this state of the lungs. Distance
from the chest is 50 mm. Inf dV no dD
6. when the lungs are inﬂated (lower volume of air) with the associated pa-
rameters and volumes at a distance of 47 mm from the chest. Deﬂ dD
7. when the lungs are deﬂated (higher volume of air) with the associated
parameters and volumes at a distance of 47 mm from the chest. Inf dV
dD
Table 4.5 Breathing simulations, diﬀerent scenarios
Distance (D) Lung σ(S/m) Lung ε
Lung Vol-
ume (l)
Flux density Lung status, Changes #
50 mm 0,44 180 2,89 1,78 E-10 - 8,59 E-11 i Deﬂated lungs Deﬂ Nor
50 mm 0,44 123 2,89 1,77 E-10 - 8,58 E-11 i Deﬂated lungs, ε Nor dEps
50 mm 0,22 180 2,89 1,79 E-10 - 8.03 E-11 i Deﬂated lungs, σ Nor dSigma
50 mm 0,22 123 2,89 1,78 E-10 - 8.01 E-11 i Inﬂated lungs, ε , σ Inf no dV no dD
50 mm 0,22 123 3,45 1,78 E-10 - 7.75 E-11 i
Inﬂated lungs,
ε σ V olume
Inf dV no dD
47 mm 0,44 180 2,89 1,86 E-10 - 8.86 E-11 i Deﬂated lungs, D Deﬂ dD
47 mm 0,22 123 3,45 1,86 E-10 - 8.57 E-11 i
Inﬂated lungs, D
and Volume
Inf dV dD
As the results suggest, reducing the permittivity from 180 to 123, produces
a very low decrease in the real component and almost no eﬀect on the imaginary
component, while cutting the conductivity to half (from 0.44 to 0.23 S/m - as
expected- cause a bigger change (7 percent decrease) in the imaginary component
of the signal.
The simulations also showed that changing the conductivity together with the
volume of the lungs from deﬂated to inﬂated mode, cause a 6.8 percent decrease
in the imaginary component of the signal while the real component grows about
0.19 percent.
However, inhalation of air into the lungs produce a small increase in the thorax
volume which could be considered as a small movement toward the sensors. An
increase of 0.5 litre in thorax’s volume, results in an approximately 3 mm dis-
placement of the body toward the coils.
This modiﬁcation in distance aﬀects both components of the received signal. The
imaginary component, in this case, decreases 0.21 percent changing from deﬂation
to inﬂation mode while the increase in the real part of the signal is 4.3 percent.
The impact of being 3 mm closer to the sensors is bigger than the impact caused
by conductivity and permittivity changes.
The big change in the real component could be due to changes in the distribution
of the currents at the surface of the object.
Figure 4.30 is a reproduction of ﬁgure 4.29 including zero ﬂux, that better shows
the various parameter changes and their impacts. It could be seen that the phase
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angle does not change when the body approaches the APG and the imaginary
part is reduced when lungs are inﬂated in this new position.
4.3. EXPECTED SIGNAL DUE TO PHYSIOLOGICAL ACTIVITIES 75
Deﬂ Nor
Nor dƐ
Nor dσ
Inf no dV no dD
Inf dV no dD
Deﬂ Nor dD 
-3mm
Inf dV dD 
-3mm
-9,0E-11
-8,8E-11
-8,6E-11
-8,4E-11
-8,2E-11
-8,0E-11
-7,8E-11
-7,6E-11
1,75E-10 1,77E-10 1,79E-10 1,81E-10 1,83E-10 1,85E-10 1,87E-10
F
lu
x
 d
en
si
ty
, 
Im
a
g
in
a
ry
 c
o
m
p
o
n
en
t 
 (
W
b
)
Flux density, Real component (Wb)
Deﬂ Nor
Nor dƐ
Nor    dσ
Inf no dV no dD
Inf dV no dD
Deﬂ Nor dD -3mm
Inf dV dD -3mm 
Fig. 4.29 Eﬀect on the Imaginary and real part of the detected signal due to changes in diﬀerent
parameters related to breathing (I)
-9E-11
-1E-10
-8E-11
-7E-11
-6E-11
-5E-11
-4E-11
-3E-11
-2E-11
-1E-11
0
2E-11 4E-11 6E-11 8E-11 1E-10 1,2E-10 1,4E-10 1,6E-10 1,8E-10 2E-10
F
lu
x
 d
en
si
ty
, 
Im
a
g
in
a
ry
 c
o
m
p
o
n
en
t 
(W
b
)
Flux density, Real component (Wb)
Deﬂ Nor
Nor dƐ
Nor dσ
Inf no dV no dD
Inf dV no dD
Deﬂ Nor dD -3mm
Inf dV dD -3mm
3mm changesNor dƐ
Defl Nor
Fig. 4.30 Eﬀect on the Imaginary and real part of the detected signal due to changes in diﬀerent
parameters related to breathing (II)
76 CHAPTER 4. SYSTEM DESIGN AND IMPLEMENTATION
4.4 Sensitivity to position changes
The sensitivity of the system to the displacement of the object regarding the coils
is simulated and studied in this section. That is to ﬁnd the margin in which the
system is still able to receive and detect signals from the physiological activities
of the body. The assumptions used in these simulations are shown in table 4.6.
Table 4.6 Assumptions applied in the simulations of sensitivity to position changes
Frequency 10 MHz
Object’s distance from the sensors 50 mm
Object conductivity
Lung 0.44 S/m
Heart 0.5 S/m
Muscles 0.6 S/m
X-axis displacement steps 20 mm
Z-axis displacement steps 10 mm
4.4.1 Horizontal sensitivity
Horizontal sensitivity means displacements of the object in regard to the coils and
toward X axis (see ﬁgure 4.31). The displacement steps are of 20 mm and the
sample has been moved 10 cm to the sides. Figure 4.32 and table 4.7 illustrates
the results for horizontal sensitivity studies. According to the results (see table
4.7), by moving the object to the sides, both real and imaginary components fade
but the imaginary component (secondary signal) decrease faster. Moving 8 cm to
the sides causes a 41% reduction in the secondary signal while the primary ﬁeld
only reduces 25%. It could be concluded that, considering the dimensions of the
coils in our design, an 8 cm margin for displacement to the sides could still be
relatively suﬃcient to receive the information from the detected signal.
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Fig. 4.32 System’s sensitivity to displacement toward Z axis, imaginary component
4.4.2 Vertical sensitivity
Vertical sensitivity refers to the changes in the signal due to the displacement
of the object along Z axis (ﬁgure 4.33). Since the model in this direction is not
symmetric (as it was in horizontal simulations) the interpretation of sensitivity is
complicated since other organs’ contribution would be diﬀerent in reality. Figure
4.34 and table 4.8 show the results. As the results imply, the displacement toward
Table 4.7 Magnetic ﬂux density changes due to displacement toward X axis
Object displace-
ment toward X axis
(mm)
Magnetic ﬂux density (Wb)
0 1,78 E-10 - 8,59 E-11 i
20 1.75 E-10 - 8.31 E-11 i
40 1.67 E-10 - 7.52 E-11 i
60 1.52 E-10 - 6.37 E-11 i
80 1.32 E-10 - 5.08 E-11 i
100 1.03 E-10 - 3.83 E-11 i
Z axis, both real and imaginary components of the signal are decreasing but
similar to the displacement toward X axis, the imaginary component declines
faster. By moving 50 mm, the imaginary signal decreases 41% while the real part
decreases 36%.
Fig. 4.33 Vertical displacement direction
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Table 4.8 Magnetic ﬂux density changes due to displacement toward Z axis
Object displace-
ment toward Z axis
(mm)
Magnetic ﬂux density (Wb)
0 1.78 E-10 - 8.59 E-11 i
10 1.69 E-10 - 8.02 E-11 i
20 1.58 E-10 - 7.36 E-11 i
30 1.45 E-10 - 6.65 E-11 i
40 1.30 E-10 - 5.89 E-11 i
50 1.12 E-10 - 5.11 E-11 i
4.4.3 Displacement of the object toward sensors (Y axis)
In section 4.3, while simulating the breathing, we have considered a small move-
ment toward the body and the results showed that the secondary signal is more
aﬀected by displacement rather than the conductivity. In this set of simulations,
the distance between the body and the sensors changed from 65 mm to 35 mm.
Table 4.9 shows the results. The real component increases up to 35% when the
distance between the object (chest) and the sensors decrease from 65 to 35. On
the other hand, the imaginary component grows rapidly getting closer to the
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sensors. At 50 mm, the signal is almost 100% bigger than when the distance is
65 mm.
Table 4.9 Magnetic ﬂux density changes due to displacement toward Y axis
Distance from the
sensors (mm)
Magnetic ﬂux density, y component (Wb)
65 1.37 E-10 - 5.23 E-11 i
60 1.51 E-10 - 6.16 E-11 i
55 1.65 E-10 - 7.27 E-11 i
50 1.78 E-10 - 8.59 E-11 i
45 1.90 E-10 - 1.01 E-10 i
40 2.02 E-10 - 1.20 E-10 i
35 2.14 E-10 - 1.43 E-10 i
4.5 Discussions and Conclusions
In this chapter, the development steps toward designing the magnetic induction
based system for vital sign monitoring were described in detail.
It has been demonstrated that the adjacent coils structure of excitation and de-
tection coils, is very sensitive to the displacements and also the impact of the
capacitive coupling is higher in comparison to the asymmetric planar gradiome-
ter (APG) structure we described and used later.
As described fully, the APG designed in a way to minimize the impact of the
primary magnetic ﬁeld on the small secondary signal detection (from the physio-
logical activities).
The designed circuits for ampliﬁcation and detection of the vital signs’ contribu-
tion (secondary signal) are based on the simplicity and low-cost principles. The
complete design was thoroughly studied for diﬀerent parameters that can aﬀect
the received signal and alter it.
The new gradiometer based on concentric coils was designed using COMSOL to
calculate and determine the diameters of the coils to fully cancel the primary
ﬁeld.
We have simulated the physiological and position changes to calculate the ex-
pected signals extracted from the new coaxial planar gradiometer. Coupling
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mechanisms and capacitive coupling between coils and the object were analysed
and circuit models were built using coupling coeﬃcients and other parameters
for full system simulation.
Based on the obtained results, the phase shift for the direct capacitive coupling
would be around one degree. If the experimental results show higher shifts, it is
due to the other impacts such as coupling to the ground.
Breathing’s impact on the received signal was studied by analysing the impacts
of a 3 mm change -which is equivalent to 0.5 litre of air change in the lungs- in the
distance between chest and the sensors head, together with the passive electrical
parameters (conductivity, permittivity) changes associated with breathing.
Spatial coverage of the system for a reliable detection was both simulated and
measured experimentally. Assuming that the surface of the bed is on XY plane,
the described system has a reliable coverage of about 8 cm for the displacements
along ±X. For the displacements along the Y axis, the coverage is higher but then
the detected signal in diﬀerent locations along Y axis could be a contribution of
lungs, heart and also other abdominal body organs.
82 REFERENCES
References
[1] Hadiseh Mahdavi and Javier Rosell-Ferrer. A magnetic induction measurement system
for adult vital sign monitoring : evaluation of capacitive and inductive eﬀects. In XV Int.
Conf. on Electrical Bio-Impedance & XIV Conf. on Electrical Impedance Tomography,
volume 012085, 2013. doi: 10.1088/1742-6596/434/1/012085.
[2] A Barai, S Watson, H Griﬃths, and R Patz. Magnetic induction spectroscopy: non-contact
measurement of the electrical conductivity spectra of biological samples. Measurement
Science and Technology, 23(8):085501, aug 2012. ISSN 0957-0233.
[3] H Griﬃths, W Gough, S Watson, and R J Williams. Residual capacitive coupling and the
measurement of permittivity in magnetic induction tomography. Physiological measure-
ment, 28(7):S301–11, jul 2007. ISSN 0967-3334. doi: 10.1088/0967-3334/28/7/S23.
[4] S Watson, C H Igney, O Dössel, R J Williams, and H Griﬃths. A comparison of sensors
for minimizing the primary signal in planar-array magnetic induction tomography. Physi-
ological measurement, 26(2):S319–31, apr 2005. ISSN 0967-3334. doi: 10.1088/0967-3334/
26/2/029. URL http://www.ncbi.nlm.nih.gov/pubmed/15798244.
[5] J Rosell, R Casañas, and H Scharfetter. Sensitivity maps and system requirements for
magnetic induction tomography using a planar gradiometer. Physiological Measurement,
22(1):121–130, 2001. ISSN 09673334.
[6] Hermann Scharfetter, Stephan Rauchenzauner, Robert Merwa, O Biró, and Karl
Hollaus. Planar gradiometer for magnetic induction tomography (MIT): theoreti-
cal and experimental sensitivity maps for a low-contrast phantom. Physiological
Measurement, 25(1):325–333, feb 2004. ISSN 0967-3334. doi: 10.1088/0967-3334/
25/1/036. URL http://stacks.iop.org/0967-3334/25/i=1/a=036?key=crossref.
10b6a743b8f86af39d4109131ddf0bde.
[7] Javier Rosell-Ferrer, Claudia Hannelore Igney, and Matthias Hamsch. Planar coil arrane-
ment for a magnetic induction impedance measurement apparatus, 2012.
[8] Harold A. Wheeler. Simple inductance formulas for radio coils. Proceedings of the Institute
of Radio Engineers, 16(10):1398–1400, 1928. ISSN 07315996. doi: 10.1109/JRPROC.1928.
221309.
[9] Sunderarajan S. Mohan, Maria Del Mar Hershenson, Stephen P. Boyd, and Thomas H. Lee.
Simple accurate expressions for planar spiral inductances. IEEE Journal of Solid-State
Circuits, 34(10):1419–1420, 1999. ISSN 00189200. doi: 10.1109/4.792620.
[10] H Griﬃths, W.R. Stewart, and W Gough. Magnetic Induction Tomography: A Measuring
System for Biological Tissues. Annals of the New York Academy of Sciences, 1999.
[11] D Goss, RO Mackin, E Crescenzo, HS Tapp, and AJ Peyton. Understanding the cou-
pling mechanisms in high frequency EMT. In 3rd World congress on industrial process
tomography, page 364/369, Banﬀ, 2002.
[12] B Rigaud, P Morucci, and N Chauveau. Bioelectrical impedance techniques in medicine.
Critical Reviews in Biomedical Engineering, 24, 1996.
Chapter5
Experimental results
5.1 Introduction
The experimental setup for simulation veriﬁcation and experiments with phantom
consists of the coils, acquisition system and BIOPAC MP36. For experiments
with volunteers pulse plethysmogram (PPG) sensor and pressure transducer of
the BIOPAC-MP36 are used. The complete block diagram of the system is shown
in ﬁgure 4.12 in chapter 4.
The coils are placed symmetrically with a 2 mm distance from each other. The
distance between the coils and the object under test/the volunteer is either 5 cm
or 20 cm which will be indicated in the description of each experiment. Unless
stated, the vital sign monitoring experiments took 100 seconds and the sampling
frequency was 500 sample per second.
No metallic parts or wire is used orthogonal to the ﬁeld lines. The bed base
and the mattress are all made with plastic, foam or wood in order to avoid
any systematic error due to movement or presence of well-conducting and/or
ferromagnetic material near the object space. Measurement protocol for the
experiment is explained in the related section. The experimental setup for vital
sign monitoring is illustrated in ﬁgure 5.1.
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Fig. 5.1 Experimental setup
5.2 Linearity with conductivity changes
5.2.1 Experiment description
To evaluate the response of the system to diﬀerent conductivities an experiment
was performed using saline solution. Six diﬀerent conductivities obtained by grad-
ually adding Sodium Chloride to a 1-litre bottle of distilled water.
The separation between the sensor head and the bottle was 5 cm and the bot-
tle was placed centrally regarding the sensors. Figure 5.2a and 5.2b shows the
experimental setup and also the simulation model for this experiment.
(a) Saline solution experiment setup (b) Saline solution simulation model in COMSOL
Fig. 5.2 Evaluation of system’s sensitivity to conductivity changes, experimental set-up and simulation
model
5.2.2 Results and discussions
The measured real and imaginary part of the received signals (due to changes
in conductivity) are shown in ﬁgure 5.4. Figures 5.3 and 5.5 are the expected
values from theoretical calculations based on the main equation of MI systems
5.1. These results are obtained after the phase shift calibration of the free space.
ΔB = kω(−jσ + ωε) (5.1)
The linearity of the received signal with changes in conductivity can be seen
in the experimental results and it is in accordance with the simulation and theo-
retical estimations.
The practical maximum cancellation ratio obtained in experiments (adjustments
of the coils) was measured as 150 times. To obtain the same real part in the
experiments as in the theory/simulations a cancellation factor of 105 is necessary.
On the other hand, the results for the real part of the signal (shown in 5.4) is not
zero because:
• the cancellation of the primary ﬁeld is not ideal so a part of this signal is
due to the residual primary background signal
• the real part due to the permittivity of the tissues (equation 5.1) is orders
of magnitude lower than the residual signal from the primary ﬁeld
• the existence of the electric ﬁeld coupling (explained in detail in 4)
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5.3 Sensitivity to displacement
5.3.1 Experiment description
Spatial coverage of the system for reliable detection was measured experimentally.
The sensitivity of the system to the movements and displacements (which was
simulated and studied in chapter 4) are examined with experiments. An 8-litre
bottle of saline solution with a conductivity of 0.8S/m was moved to the sides
(X axis). The steps of displacement was 2 cm and the bottle moved up to 14 cm
to each side. The distance between the sensor and the saline bottle was 10 cm.
5.3.2 Results and discussions
Figure 5.7 shows the real and imaginary component of the detected signal (after
ampliﬁcation). As the ﬁgure points out, at 8 cm of movement from the center of
the coils’ plane, the imaginary component of the signal -which is the contribution
of our saline solution bottle- decrease about 46%, very close to the simulation
results (see table 4.7). Assuming that the surface of the bed is on XY plane, this
conﬁrms a margin of about 8-10 cm sensitive region on each side of the coil center
(±X). For the displacements along the Y axis, the coverage is higher but then
the detected signal in diﬀerent locations along Y axis could be a contribution of
lungs, heart and also other abdominal body organs.
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Fig. 5.6 Saline bottle over sensor for displacement experiment
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Fig. 5.7 Sensitivity experiments, received signal’s component
5.4 Vital sign monitoring
5.4.1 Experiment description
In these experiments, the distance between the sensor head and the volunteer
was either 5 cm or 20 cm (5 cm between sensor and mattress and 15 cm width
of the mattress). The 5 cm distance was obtained by placing the excitation
and APG (sensors) inside the mattress. There is no direct contact between the
patient (volunteer)’s body with the sensors. The experiments start with breathing
normally, follows by a period of apnea and back again to normal breathing. The
experiments took 100 seconds and in order to avoid motion artifacts and the
volunteers were asked to stay still. Body posture in these experiments was prone
and supine positions and additional experiments on sides position.
Fig. 5.8 Sensors’ position, 20 cm distance between body and sensor head
As it could be seen in ﬁgure 5.8, the pressure sensor is placed directly under
the mattress. The PPG sensor is connected to the patients ﬁnger to record the
pulses through Photoplethysmography.
5.4.2 Noise of the system
Figure 5.9 shows the normalized signals received when there is no object over the
bed (noise) and the signal received from a volunteer in the prone position. The
distance between the volunteer and the sensor head is 5 cm. As it can be seen,
the noise level is much lower than the breathing signal level. The phase changes
due to cardiac activity during apnea period is around 30 millidegree while the
noise level is around 15 millidegree.
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Fig. 5.9 Magnetic phase signal, free space signal (noise) versus volunteers measured signal
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5.4.3 20 cm separation
Figure 5.10 shows the signals obtained from the person over the bed with a 20
cm distance from the sensors at supine position.
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Fig. 5.10 Vital sign monitoring, supine position (20 cm separation)
The signals received at 20 cm were very poor and at the levels of quantiﬁcation
noise especially for the magnitude. This lead us to reduce the distance and use
the 5 cm distance as a more appropriate distance for measuring the signals.
5.4.4 5 cm separation
Figures below show the 100 seconds of vital sign registering in prone and supine
position. The received signal while the volunteer stop breathing (apnea region) is
zoomed and compared with the reference signal. Figure 5.11 and 5.12 show the
raw signal without ﬁltering. The ﬁgures with a zoom in apnea region are ﬁltered
signal. The ﬁlter is an order 4 Butterworth ﬁlter with a cut-oﬀ frequency of 0.4
Hz and the applied digital ﬁlter from BIOPAC is a high pass ﬁlter with cut oﬀ
frequency of 0.05 Hz.
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Fig. 5.11 Vital sign monitoring, supine position (5 cm separation)
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Fig. 5.14 Apnea signal in Prone position, Note that the signal from pressure sensor has been scaled
50 times for demonstration reasons
Figures 5.13 and 5.14 provide a comparison insight of the cardiac activity at
the apnea period of prone and supine position, for all four sensors. The pressure
signal has been enlarged for demonstration since the received signal from this
sensor is very small. As it could be seen, monitoring breathing signal is not an
issue and both MI and pressure sensors can detect it.
In MI simulations (with a 5 cm distance between the body and the coils), chang-
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ing the conductivity and volume of the lungs from deﬂated to inﬂated mode,
cause a 6.8 percent decrease in the imaginary component of the signal while the
real component grows about 0.19 percent.
However, inhalation of air into the lungs produce a small increase in the thorax
volume which could be considered as a small movement toward the sensors. An
increase of 0.5 litre in thorax’s volume, results in an approximate 3 mm displace-
ment of the body toward the coils. This modiﬁcation in distance aﬀects both
components of the received signal. The imaginary component, in this case, de-
creases 0.21 percent changing from deﬂation to inﬂation mode while the increase
in the real part of the signal is 4.3 percent.
The experiments results’ are in accordance with the results from simulations. As
shown in the ﬁgures, when the lungs are ﬁlled with air (inﬂation mode) the mod-
ulus of the magnetic signal increases while the phase decreases. The decrease in
phase signal is due to decrement of conductivity of the lungs while the increment
in the modulus could be caused by the chest’s expansion which slightly changes
the distance between the sensors and the body, and also modify the distribution
of the currents in the surface.
A change in the surface geometry of the object or the patient, close to the coils,
will introduce a change in the capacitive coupling and also in the received sec-
ondary magnetic ﬁeld. Both cases will produce a change relative to the posture
of the patient or body movements related to breathing or cardiac activity. The
advantage of the magnetic system is that if there is no movement, the magnetic
ﬁeld that penetrates the body still produces a secondary signal that could be
detected.
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Fig. 5.15 Supine apnea, PPG and pressure sensor signal (5 cm separation)
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Fig. 5.16 Supine apnea, PPG and magnetic phase signal (5 cm separation)
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Fig. 5.17 Supine apnea, PPG and magnetic modulus signal (5 cm separation)
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Fig. 5.18 Prone apnea, PPG and pressure sensor signal (5 cm separation)
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Fig. 5.19 Prone apnea, PPG and magnetic phase signal (5 cm separation)
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Fig. 5.20 Prone apnea, PPG and magnetic modulus signal (5 cm separation)
Comparing the signals of supine and prone positions indicates that the signal
from prone position contains more information in regards to cardiac activity due
to its position advantage. In the prone position, the sensors are closer to the
heart, to the blood volume changes in heart’s major vessels (Aorta) and to the
lung perfusion while in the supine position, the distance is higher and other struc-
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tures like vertebral column are located in between. However, both supine and
prone positions show more reliable signals than the pressure sensor’s outcomes.
The signal was processed and studied both in time and frequency domain. For
studying the signals in the frequency domain and check the coherency of the sig-
nals with the cardiac activity’s frequency we used Welch method to analyze the
apnea signal and study the power spectral density.
The Welch’s method for the calculation of PSD (power spectral density) is a non-
parametric method that has some advantages as the simplicity of the algorithm
employed (Fast Fourier Transform) and the high processing speed. This method
allows the calculation of periodograms of short segments of the signal (in our case,
length of the signal divided by four) and their average with the aim of reducing
the estimator variance (leakage).
Additionally, it is possible the application of diﬀerent types of windows (rectan-
gular, triangular, Hanning or Hamming) in each segment of the signal in order
to optimize the commitment between the estimator variance and the resolution.
We have applied a rectangular window with 50% overlapping between segments.
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Fig. 5.21 Frequency spectrum of the received signal for breathing, prone position (5 cm separation,
normalized to noise level)
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Fig. 5.22 Frequency spectrum of the received signal for breathing, supine position (5 cm separation,
normalized to noise level)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
−4
−3.5
−3
−2.5
−2
−1.5
−1
−0.5
0
0.5
x 10
−5
Frequnecy (Hz)
P
o
w
er
 d
en
si
ty
 (
d
B
W
)
Supine position
 
Fig. 5.23 Frequency spectrum of the received signal for breathing from pressure sensor, prone position
(5 cm separation, normalized to noise level)
Figures 5.21 and 5.22 show the power spectrum for the breathing frequency
received from magnetic and pressure sensors normalized to the noise level, in
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prone and supine positions respectively. All three signals from both magnetic
and pressure sensors show a component at 0.4 Hz. The Magnetic modulus and
the pressure signals are at the noise level while the magnetic phase signal is less
noisy in particular in the prone position. Figures 5.23 shows a focused image of
the pressure signal in the supine position.
At frequencies around 1 Hz, the cardiac activity frequency can be seen in Mag-
netic phase and modulus but hardly in the pressure sensor. The signal from the
pressure sensor at 1 Hz is a very low power signal faded in noise. Figure 5.24
shows the spectrum at 1 Hz for prone position.
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Fig. 5.24 Frequency spectrum of the received signal for cardiac activity, prone position (5 cm separa-
tion, normalized to noise level)
Looking at the unﬁltered signal received by magnetic sensor (ﬁgure 5.25),
comparing the apnea signal of magnetic phase signal and the PPG, it can be seen
that the signal contains more information than the PPG signal. This information
could be related to other phases of the cardiac cycle, sourcing from conductivity
changes or mechanical changes inside the heart cavity or chest.
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Fig. 5.25 PPG and magnetic phase unﬁltered signals in apnea phase, prone position (5 cm separation)
Detection of the breathing signal is not an issue for the system, further ex-
periments with male volunteers showed that the people’s breathing habits aﬀect
the received signal. The diﬃculty rises especially when measuring people who do
diaphragmatic breathing 1. Breathing through stomach causes bigger periodic
body movements which could aﬀect the received signal. It could modify the dis-
tance between the sensor and the body or change the current distributions. In
our experiments, the measurements with people who were chest breathing were
in accordance with the reference signals [? ].
1stomach breathing
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5.4.5 Lateral position
Lateral recumbent positions are other two positions which were measured for
ﬁve volunteers in addition to the supine and prone positions. Focusing on the
received signal by the magnetic sensor, ﬁgure 5.26 show the received signal of four
positions of a single volunteer (our best case); prone, supine, right and left sides
at a 20 cm distance. It could be said that the left size position due to it’s position
advantage of being closer to the heart shows better signals of heart activity from
the right side position.
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Fig. 5.26 Magnetic phase signal of a volunteer in 4 diﬀerent positions
The quality of the signal was not good at 20 cm due to high level interference.

Chapter6
Conclusions and future works
6.1 Conclusions
A new magnetic induction sensor system was developed and described in this the-
sis. As explained in detail, the system is a non-contact planar system designed
to be placed under the bed or mattress for unobtrusive monitoring applications
such as sleep monitoring, neonates monitoring, etc.
The system consists of one coil for excitation, one for detection and an electronic
box for ampliﬁcation and demodulation of the received signal.
The whole system is designed having a cheap, straightforward design mindset.
The aim was to avoid complexities and provide a design which could be easily
installed and used without the need of an expert technician.
The system works based on exposure of the electromagnetic ﬁelds for a continu-
ous time so it has been studied (by simulation) against safety standards to ensure
the safety of the system for being used at the controlled or/and uncontrolled en-
vironments corresponding to occupational and general public exposures.
The results show that the system placed at 5 cm of the patient’s chest, can detect
the presence of the patient on the bed, breathing and also cardiac activity. The
signal levels decrease with the increment of the distance. Based on the models,
the sensitivity to chest movements (due to physiological activities) is higher than
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the sensitivity to the conductivity changes.
The new gradiometer based on concentric coils was designed using COMSOL to
calculate and determine the diameters of the coils to fully cancel the primary ﬁeld.
The experiments with the new gradiometers conﬁrmed the estimated results from
the simulations.
The physiological and position changes to calculate the expected signals extracted
from the new coaxial planar gradiometer were modeled and simulated. Coupling
mechanisms and capacitive coupling between coils and the object were analysed
and circuit models were built using coupling coeﬃcients and other parameters
for full system simulation.
Based on the obtained results, the phase shift for the direct capacitive coupling
would be around one degree. The experimental results showed higher shifts,
which is due to the other impacts such as coupling to the ground.
Breathing’s impact on the received signal were studied by analysing the impacts
of a 3 mm change -which is equivalent to 0.5 litre of air change in the lungs- in the
distance between chest and the sensors head, together with the passive electrical
parameters (conductivity, permittivity) changes associated with breathing.
Both pressure and magnetic sensors can detect breathing signal. However, the
detected signal by the pressure sensor, has a much lower amplitude in comparison
with magnetic signal and depends on the position of the body may fade (based
on the experiments). Cardiac activity is also detected by the magnetic system
which in majority of the measurement cases, the magnetic phase signal showed
better results than the magnetic modulus sensor as expected by the theory.
The magnetic phase signal is more sensitive than the modulus signal and is also
more robust regarding the motion artifacts and interferences. In addition, the
magnetic phase signal contains more information of the heart activity that need
further studies to identify the sources.
There are various parameters that aﬀect the signal received by the sensors. Dis-
placement of the thorax or abdomen (external shape changes) and Internal eddy
currents (changes on internal conductivities) modify the received signal at the
APG. But the sources of these parameters could not be identiﬁed easily. Thorax
or abdomen displacements can produce changes in surface eddy currents and/or
in the capacitive couplings and modify the signal. On the other hand, the inter-
nal eddy currents and changes in conductivity could be due to lung perfusion,
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muscle perfusion or blood volume changes in the heart or aorta.
There is a diﬀerence between the signal detected in supine and prone position
which could be because of the proximity of patient’s heart position to the sensors
in prone position. Comparing signals from MI phase and modulus points out that
in some cases/positions the cardiac signal is better detected in either of signals
From the experiments with volunteers, it could be concluded that the breathing
habits (chest breathing or belly breathing) of people aﬀects the signal received
at the sensors. The less the distance between sensors head and the body/object,
the more information will be received at the detector.
A 5 cm distance proved to be an acceptable value for the separation. The sensi-
tive area of the bed is directly related to the sensors’ radius and the body size.
In our design a radius of 8 to 10 cm secure the desired sensitivity to detect vital
signs. In lateral recumbent positions the variability of the signals were high and
it is diﬃcult to make a deﬁnitive conclusion but our experiment showed that the
left side position (lying over the left shoulder) shows higher sensitivity to cardiac
activity while for breathing, no big diﬀerence has been identiﬁed.
6.2 Future works
The system could be improved and completed from the electronic point of view.
Embedding a function generator chip, using bluetooth for communication aims,
improving the sensitivity and rigidness of the system to motions and displace-
ments are among the possible system improvements. In addition, an analog
coherent phase detector based on multipliers can be used to reduce the noise due
to interferences.
However a more in-depth study is needed to identify the sources of the received
signal by the magnetic sensor and the contribution of each of the assumed pa-
rameters.
The system and its design could be used in applications like smart mattresses,
smart homes and neonates monitoring. The coils design and conﬁguration could
be applied to applications like smart textiles and wearables.

